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The present invention relates to ellipsometry and 
polarimetry, and more particularly comprises quasi-achromatic 
multi-element lens(es) and the application thereof in focusing, 
(and optionally re-col 1 iminat ing ) , a spectroscopic 
electromagnetic beam into a very small, chromatically relatively 
undispersed, area spot on a material system, said quasi- 
achromatic multi-element lens(es) providing relatively constant 
focal length at each wavelength in a large range of wavelengths, 
including into the deep UV; and said present invention is further 
a method for breaking correlation between, and evaluating 
parameters in parameterized equations for calculating retardance 
entered to, or between, orthogonal components in a beam of 
spectroscopic electromagnetic radiation by quasi-achromatic 
multi-element input and/or output optical elements, (eg. 
lenstes)), and a typically ell ipsometr ically indistinguishable, 
adjacently located, investigated material system with which the 
spectroscopic beam of electromagnetic radiation is caused to 
interact . 
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BACKGROUND 



The practice of ellipsometry is well established as a 
non-destructive approach to determining characteristics of 
material systems, and can be applied in real time process 
control. The topic is generally well described in a number of 
5 publication, one such publication being a review paper by 
Collins, titled "Automatic Rotating Element El 1 ipsome ters : 
Calibration, Operation and Real-Time Applications' 1 , Rev. Sci. 
Instrum, 61(8) (1990) . 

10 In general, modern practice of ellipsometry typically 

involves causing a spectroscopic beam of electromagnetic 
radiation, in an imposed, known, state of polarization, to 
interact with a material system at one or more angle(s) of 
incidence with respect to a normal to a surface thereof, in a 
plane of incidence. (Note, a plane of incidence contains both a 
normal to a surface of an investigated material system and the 
locus of said beam of electromagnetic radiation). Changes in 
the polarization state of said beam of electromagnetic radiation 
which occur as a result of said interaction with said material 
system are indicative of the structure and composition of said 
material system. The practice of ellipsometry utilizes said 
changes in polarization state by proposing a mathematical model 
of the ellipsometer system and the material system investigated 
by use thereof, obtaining experimental data by application of the 
25 ellipsometer system, and applying square error reducing 

mathematical regression, (typically), to the end that parameters 
in the mathematical model which characterize the material system 
are evaluated so that the obtained experimental data, and values 
calculated by use of the mathematical model have a ,! best match" 
relationship . 
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A typical goal in ellipsometry is to obtain, for each 
wavelength in, and angle of incidence of said beam of 
electromagnetic radiation caused to interact with a material 
system, material system characterizing PSI and DELTA values, 
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(where PSI is related to a change in a ratio of magnitudes of 

orthogonal components r /r in said beam of electromagnetic 

p s ^ 

radiation, and wherein DELTA is related to a phase shift entered 

between said orthogonal comoonents r and r , caused by 

p s 

interaction with said material system; 



PSI - ' r p /r s i ; and 



DELTA = f lj ^ - £z 



As alluded to, the practice of ellipsometry requires that a 
mathematical model be derived and provided for a material system 
and for the ellipsometer system being applied. In that light it 
15 must be appreciated that an ellipsometer system which is applied 
y to investigate a material system is, generally, sequentially 

- ■ compr ised of : 

a. a Source of a beam electromagnetic radiation; 
20 b- a Polarizer element; 

■i c. optionally a compensator element; 

y; d. (additional element (s) such as lensfes), beam 

25 directing means, and/or windows such as in 

vacuum chambers ) ; 

e. a material system; 

30 f. (additional elementts] such as lensfes), beam 

directing means, and/or windows such as in 
vacuum chambers) ; 

g. optionally a compensator element; 

h. an Analyzer element; and 
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I, a Detector System. 



Each of said components b. - i. must be accurately represented by 
a mathematical model of the ellipsometer system along with a 
5 vector which represents a beam of electromagnetic radiation 

provided from said source of a beam electromagnetic radiation, 
Identified in a. above) 

Various ellipsometer configurations provide that a 
10 Polarizer, Analyzer and/or Compensator f s ) can be rotated during 
data acquisition, and are describe variously as Rotating 
Polarizer (RPE), Rotating Analyzer ( RAE ) and Rotating Compensator 
(RCE) Ellipsometer Systems. 

IS Where an ellipsometer system is applied to investigate a 

- small region of a material system present, it must be appreciated 
that the beam of electromagnetic radiation can be convergently 
entered thereto through an input lens, and, optionally, exit via 
a re-collimat ing output lens. In effect this adds said input, 

20 (and output), lenses as elements in the ellipsometer system as 

"additional elements' 1 , (eg. identified in d. and f. above), which 
additional elements must be accounted for in the mathematical 
model. If this is not done, material system representing 
parameters determined by application of the ellipsometer system 

25 and mathematical regression, will have the effects of said input, 
(and output), lenses at least partially correlated thereinto, 
much as if the input and, (output lenses), were integrally a part 
of the material system. 

30 It is emphasized that where two sequentially adjacent 

elements in an ellipsometer system are held in a static positon 
with respect to one another while experimental e 1 1 i ps ome tr i c data 
is acquired, said two sequentially adjacent elements generally 
appear to be a single element. Hence, a beam directing element 
adjacent to a lens can appear indistinguishable from said lens as 
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regards the overall effect of said combination of elements. In 
that light it is to be understood that present input and output 
lenses are normally structurally fixedly positioned and are not 
rotatable with respect to a material system present in use, thus 
5 preventing breaking correlation between parameters in equations 

for sequentially adjacent input and output lenses and an 
investigated material system by an element rotation technique. 
While correlation of parameters in mathematical equations which 
describe the effects of groupings of elements, (such as a 
10 compensator and an optional element(s)), can be tolerable, 

correlation between parameters in the mathematical model of an 
investigated material system and other elements in the 
ellipsometer system must be broken to allow obtaining accurate 
material system representing PSI and DELTA values, emphasis 
15 added. That is to say that correlation between parameters in 
/ equations in a mathematical model which describe the effects of a 

stationary compensator and a sequentially next located lens 
element, (eg. correllation between effects of elements c. and d. 
or between f. and g. identified above), in a beam of 
20 electromagnetic radiation might be tolerated to the extent that 
- said correlation does not influence determination of material 

system describing PSI and DELTA values, but the correlation 
between parameters in equations which describe the effects of 
ellipsometer system components (eg. a., b., c, d., f., g w h. 
25 and i.), and equations which describe the effects of a present 

material system (eg. element e. above), absolutely must be broken 
to allow the ellipsometer system to provide accurate PSI and 
DELTA values for said material system. Application of 
ellipsometry to investigation of a material system present can 
30 then present a challange to users of ellipsometer systems in the 
form of providing a mathematical model for each of an input and 
output lens, and providing a method by which the effects of said 
input and output lenses can be separated from the effects of an 
investigated material system. 

Thus is identified an example of a specific problem, 
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solution of which is the topic of the present invention. 

One typical approach to overcoming the identified problem, 
where space considerations are not critical, and where 
5 ellipsometer system configuration can be easily modified, is to 
obtain multiple data sets with an ellipsometer system configured 
differently during at least two different data set acquisitions. 
For instance, a data set can be obtained with a material .sv^tpm 
present and in which a beam of electromagnetic radiation is 

10 caused to interact with said material system, and another data 

set can be obtained with the ellipsometer system configured in a 
straight-through configuration, where a beam of electromagnetic 
radiation is caused to pass straight through an ellipsometer 
system without interacting with a material system. Simultaneous 

15 mathematical regression utilizing multiple data sets can allow 

evaluation of material system characterizing P3I and DELTA values 
over a range of wavelengths, uncorrelated with present 
birefringent retardation effects of present input and output 
lenses. The problem with this approach is that where 

20 ellipsometer systems are fit to vacuum chambers for instance, 

ellipsometer reconfiguration so as to allow acquisition of such 
multiple data sets can be extremely difficult, if not impossible 
to carry out. 

25 Another rather obvious solution to the identified problem is 

to provide input, and output, lenses which are absolutely 

birefringence-free, and transparent at all electromagnetic beam 

wavelengths utilized. That is, provide input, and output, lenses 

which do not attenuate the magnitude of r or r orthogonal 

P s 

30 components, (or at least do not change their ratio, r /r ) , and 

p s 

which also do not enter phase shift between r or r orthoqonal 

P s 

components when said beam of electromagnetic radiation is caused 
to pass therethrough. While control of the the effect of a lens 
on a ratio, (r /r ), of electromagnetic beam orthogonal 
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components can often rather successfully be accomplished by 
causing a beam of electromagnetic radiation to approach a surface 
of a lens along essential a normal to a surface thereof, this is 

not the case regarding phase shift entered between r and r 

P s 

orthogonal components of a said beam of electromagnetic radiation 

caused to pass therethrough. That is, input, and output, lenses 

can demonstrate " b ire fr ingence " , in that the r orthogonal 

P 

component is "retarded" by a different amount than is the r 

s 

orthogonal component when said beam of electromagnetic radiation 
is caused to pass therethrough. To complicate matters, this 
"biref r ingent " effect also varies with wavelength and with 
stresses which can develop in a lens during use because of 
temperature and physical changes etc. 

As described in Parent Application Serial No. 09/162,217, 
(which is incorporated herein by reference), controlling stress 
related change is presently achieved with varying degrees of 
success, where for instance, windows in a vacuum chamber are 
subject. Windows provided by BOMCO Inc. are produced with the 
goal of eliminating birefringence, and are mounted in vacuum 
chambers using copper gasket seals which help to minimize uneven 
application of stresses and developed strains thereacross. 
While some success is achieved via this approach, the BOMCO 
windows are not "perfect" and do demonstrate some remaining 
birefringence properties, which can vary in unpredictable ways 
over a period of usage. In addition, BOMCO windows are 
expensive, (costing on the order of $1000.00 each), and are large 
in size thereby making adaptation thereof to use in a vacuum 
chamber difficult at times, particularly in retro-fit scenarios. 
And, there have been cases where BOMCO windows have broken in 
use. This is highly undesirable as vacuum chambers are often 
times caused to contain highly toxic and hazardous materials 
during, for instance, etching and/or deposition steps required in 
the fabrication of semiconductor devices. Where vacuum chamber 
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windows are the subject, an alternative to use of the BOMCO 
windows is to simply use standard vacuum chamber windows, which, 
while significantly less expensive, demonstrate order of 
magnitude larger birefringence effects. (Note, BOMCO windows 
5 provide birefringent effects on the order of approximately 

six-tenths (0.6) to two-tenths (0.2) degrees over a range of 
wavelengths of from four-hundred (400) to seven-hundred-fifty 

birefringent effects on the order of six (6.0) to three (3.0) 
10 degrees over the same range of wavelengths). (Note, birefringent 
retardation typically follows an approximate inverse wavelength, 
(eg. 1/wave length ) , relationship). However, where standard 
vacuum chamber windows are utilized, compensation of their 
effects is required. Similar concerns apply where input and 
£5 output lenses, and associated e 1 1 ipsome tr i cal ly indistinguishable 
ellipsometer system components are concerned. 

A need is thus identified for a method of practicing 
ellipsometry which enables the breaking of correlation between 

;20 parameters in equations which describe retardance entered to 
orthogonal components of a beam of electromagnetic radiation 
caused to interact with a material system, and parameters in 

- equations which describe birefringent effects on said orthogonal 
components in said beam of electromagnetic radiation caused by 

25 input and output windows of a vacuum chamber, and/or by input and 
output lenses and/or by electromagnetic beam directing means etc. 

Various researchers have previously noted the identified 
problem, where vacuum chamber windows are the topic, and proposed 
30 various first order mathematical model equation correction 

techniques as solution, which approaches have met with various 
degrees of success where vacuum chamber input and output windows 
demonstrate on the order of a maximum of two (2) degrees of 
birefringence. This, however, leaves the problem unsolved where 
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birefringence approaches six (6.0) degrees, as commonly occures 
in standard vacuum chamber windows, and can also occur in lens 
systems, particlarly at wavelengths of four-hundred (400) 
nanometers and below. Thus is identified a problem to which the 
5 present invention calibration methodology applies. 

Patents of which the Inventor is aware include No. 5,757,494 
to Green et al., in which is taught a method for extending the 
range of Rotating Ana 1 yze r /Polarizer ellipse meter systems to 

10 allow measurement of DELTAS near zero (0.0) and one-hundred- 
eighty (180) degrees. Said Patent describes the presence of a 
window-like variable birefringent components which is added to a 
Rotating Ana lyzer /Po lar i zer ellipsometer system, and the 
application thereof during data acquisition, to enable the 

15 identified capability. 

A Patent to Thompson et al. No. 5,706,212 teaches a 
mathematical regression based double fourier series ellipsometer 
calibration procedure for application, primarily, in calibrating 

20 ell ipsometers system utilized in infrared wavelength range. 

Birefringent window-like compensators are described as present 
in the system thereof, and discussion of correlation of 
retardations entered by sequentially adjacent elements which do 
not rotate with respect to one another during data acquisition is 

25 described therein. 

A Patent to Woollam et al, No. 5,582,646 is disclosed as it 
describes obtaining ellipsometic data through windows in a vacuum 
chamber, utilizing other than a Brewster Angle of Incidence. 

30 

Patent to Woollam et al, No. 5,373,359, Patent to Johs et 
al. No. 5,666,201 and Patent to Green et al., No. 5,521,706, and 
Patent to Johs et al., No. 5,504,582 are disclosed for general 
information as they pertian to Rotating Analyzer ellipsometer 
systems . 
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Patents identified in a Search specifically focused on the 
use of lenses, preferrably achromatic, in ellipsometry and 
related systems are: 



5 Patent Nos. 5,877,859 and 5,798,837 to Aspnes et al.; 

Patent No, 5,333,052 to Finarov; 
Patent No. 5,608,526 to P i wonka-Cor le et al.; 
Patent No. 5,793,480 to Lacy et al . ; 

Patent Nos. 4,636,075 and 4,893,932 to Knollenberg; and 
10 Patent No. 4,663,860 to Anthon. 

The most relevant Patent found is No. 5,917,594 to Norton. 
However, the system disclosed therein utilizes a spherical mirror 
to focus an e lectr omagent ic beam onto the surface of a sample in 

15 the form of a small spot. Said system further develops both 

reflection and transmission signals via application of reflective 
means and of reflection and transmission detectors. The somewhat 
relevant aspect of the 594 Patent system is that a positive lens 
and a negative meniscus lens are combined and placed into the 

2o pathway of the electromagnetic beam prior to its reflection from 

a focusing spherical mirror. The purpose of doing so is to make 
the optical system, as a whole, essentially achromatic in the 
visible wavelength range, and even into the ultraviolet 
wavelength range. It is further stated that the power of the 

25 combined positive lens and negative meniscus lens is preferrably 

zero. It is noted that, as described elsewhere In this 
Specification, said 594 Patent lens structure, positioning in the 
594 Patent system, and purpose thereof are quite distinct from 
the present invention lens structure and application to focus a 

30 beam of electromagnetic radiation. In particular, note that the 

594 Patent lens is not applied to directly focus and/or 
recollimate a beam of electromagnetic radiation onto a sample 
system, as do the lenses in the present invention. And, while 
the present invention could utilize a meniscus lens in an 
embodiment thereof, the 594 Patent specifically requires and 
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employs a negative meniscus lens to correct for spherical 
aberabtions caused by off-axis reflection from a spherical 
mirror, in combination with a positive lens to correct for 
achromatic aberation introduced by said negative meniscus lens. 
^ Further, the present invention system does not require reflection 
means be present in the path of an electromagnetic beam after its 
passage through the focusing lens thereof and prior to 
interacting with a sample system, as does the system in the 594 
Patent wherein a focusing spherical mirror is functionally 
required . 

Various papers were also identified as possibly pertinant, 
and ar e : 

^ A paper by Jobs, titled "Regression Calibration Method for 

Rotating Element El 1 ipsometers " , Thin Solid Films, 234 (199 3 ) is 
also disclosed as it describes a mathematical regression based 
approach to calibrating ellipsometer systems. 
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A paper by Nijs & Silfhout, titled "Systematic and Ramdom 
Errors in Ro ta t i ng- Ana lyzer El 1 ipsome try" , J. Opt. Soc. Am. A., 
Vol. 5, No. 6, (June 1988), describes a first order mathematical 
correction factor approach to accounting for window effects in 
Rotating Analyzer e 1 1 i psometer s . 

A paper by Kleim et al, titled " Systematic Errors in 
Rotat ing-Compensator e 1 1 i psometr y " , J. Opt. Soc. Am., Vol 11, No. 
9, (setp. 1994) describes first order corrections for 
imperfections in windows and compensators in Rotating Compensator 
ell ipsometers . 

Other papers of interest in the area by Azzam & Bashara 
include one titled "Unified Analysis of Ellipsometry Erors Due to 
Imperfect Components Cell-Window B i r i f r i ngence , and Incorrect 
Azimuth Angles", J. of the Opt. Soc. Am., Vol 61, No. 5, (May 
1971); and one titled "Analysis of Systematic Errors in 
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Rotating-Analyzer El 1 i ps ome t er s " , J. of the Opt. Soc. Am., Vol. 
64, No . 11, (Nov. 19 74 ) . 

Another paper by Straaher et al, titled "The Influence of 
Cell Window Imperfections on the Calibration and Measured Data of 
Two Types of Rotating Analyzer Ellipsometers", Surface Sci . , 
North Holland, 96, (1980), describes a graphical method for 
determining a plane of incidence in the presence of windows with 
small retardation 

A paper by Jones titled "A New Calculus For The Treatment Of 
Optical Systems", J.O.S.A., Voil. 31, (July 1941), is also 
identified as it describes the characterizing of multiple lens 
elements which separately demonstrate birefringence, as a single 
lens, (which can demonstrate reduced birefringence). 

Finally, a paper which is co-authored by inventors herein is 
titled "In Situ Mul t i -Wave length Ell ipsometr ic Control of 
Thickness and Composition of Bragg Reflector Structures", by 
Herzinger, Johs, Reich, Carpenter & Van Hove, Mat. Res. Soc. 
Symp. Proc., Vol.406, (1996) is also disclosed. 

Even in view of relevant prior art, there remains need for 
ellipsometer systems which comprise input, and optionally output, 
lenses that allow focus ing spectroscopic electro ma gnetic beams as 
small spots on material substrates. Further, in view of the 
inability of first order corrections to break birefringence based 
correlation between input and/or output lenses and a material 
system, there re ma ins need for a second order mathematical model 
equation correction technique which enables breaking correlation 
between a material system characterizing DELTA and in-plane 
retardance entered to a beam of electromagnetic radiation by 
input and output lenses through which said beam of 
electromagnetic radiation is caused to pass. This is 
particularly true where lens birefringent retardance exceeds a 
few degrees. The present invention responds to said identified 
needs . 

i 2 
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DISCLOSURE OF THE INVENTION 

The present invention system basically comprises a lens 
system, primarily as applied in ellipsometer and polarimeter 
systems wherein birefringence, and spectroscopic electromagnetic 
beam spot size chromatic dispersion reduction and focal length 
chromatic dispersion reduction is desired, but wherein spherical, 
coma distortion, third order aberations, astigmatism and image 
reproduction are substantially unimportant considerations. A 
single stage present invention lens system has a focal length of 
one-hundred millimeters or less, (nominally about eighty 
millimeters), and said lens system comprises two sequentially 
oriented elements, one of said two sequentially oriented elements 
being of a shape and orientation which individually converges a 
15 beam of electromagnetic radiation caused to pass therethrough, 

and the other being of a shape and orientation which individually 
diverges, (to a lesser degree than said convergence), a beam of 
electromagnetic radiation caused to pass therethrough, there 
being a region between said first and second elements. A present 
invention dual stage lens system provides a less than fifty 
millimeter, (nominal about forty millimeter), focal length and is 
comprised of four sequentially oriented lens elements which are 
grouped into two groups of two elements each, two of which four 
elements are converging and two of which are diverging of 
electromagenic radiation caused to pass therethrough. 

It is to be understood that, in use, a beam of 
electromagnetic radiation sequentially passes through one of said 
first and second elements in a single present invention lens 
system, then said region therebetween, and then through said 
second of said first and second elements before emerging as a 
focused beam of electromagnetic radiation, said region between 
said first and second elements have essentially the optical 
properties of a void region, or functional equivalent. In a 
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dual stage present invention lens system a second stage of first 
and second elements is present in the electromagnetic beam 
pathway . 

Further, present invention lens systems are characterized as 
quasi-achromatic as a result of multi-element construction, 

wherein, for each said two element lens systems present, the two 
elements thereof are made from different materials, (eg. one from 
what is commonly termed Crown-glass and one from Flint-glass in 
the literature). Again, as a result of present invention lens 
construction, very small electromagnetic beam spot focusing on an 
investigated material system is possible over a large range of 
wavelengths, (including transmitting properties into the deep 
UV), because of reduced chromatic focal length and spot size 
dispersion. It is noted that said present invention 
multi-element ellipsometer system input (and output) lenses can 
both (when present) demonstrate birefringence; neither 
demonstrate birefringence or one can demonstrate birefringence 
and the other not demonstrate birefringence. In fact, one 
non-biref r ingent input or output lens can be absent but for a 
consideration of its presence as essentially surrounding 
atmospheric ambient, or equivalent thereto. 

A present invention lens system, which is particulary well 
suited for application in ellipsometer systems, provides for 
spectroscopic electromagnetic beam spot size and focal length 
chromatic dispersion reduction by configuring at least two 
sequentially oriented elements, one of said at least two 
sequentially oriented elements being of a shape and orientation 
which individually converges a beam of electromagnetic radiation 
caused to pass therethrough, and the other being of a shape and 
orientation which individually diverges a beam of electromagnetic 
radiation caused to pass therethrough, there being a region 
between said first and second elements such that, in use, a beam 
of electromagnetic radiation sequentially passes through said 
first element, then said region therebetween, and then said 

14 



second element before emerging as a focused beam of 
electromagnetic radiation. Such a lens system with application 
in ellipsometer systems is characterized by a converging element 
which presents as a selection from the group consisting of: 

a bi-convex; 

a plano-convex with an essentially flat side; 

and said diverging element is characterized as a selection from 
the group consisting of: 

a bi-concave lens element; 

a plano-concave with an essentially flat side. 

Further, as shown in Figs. Ia7 - la24, said present invention 
lens systems can comprise a selection from the group consisting 
of : 

a) a sequential combination of a bi-convex element and a 
bi-concave element; 

b) a sequential combination of a bi-concave element and . 
b i -convex element; 

c) a sequential combination of a bi-convex element and a 
plano-concave element with said concave side of said 
plano-concave element adjacent to said bi-convex 

e lemen t ; 

d) a sequential combination of a bi-convex element and a 
plano-concave element with said essentially flat side of 
said plano-concave element being adjacent to said 
bi-convex element; 



e) a sequential combination of a plano-concave element 




and a bi-convex element with said essentially flat side 
of said plano-concave element adjacent to said bi-concave 
e lement ; 



5 f) a sequential combination of a plano-concave element 

and bi-convex element with said concave side of said 
plano-concave element adjacent to said bi-convex 
element ; 

10 9) a sequential combination of a plano-convex element and 

a bi-concave element with said essentially flat side of 
said plano-convex element adjacent to said bi-concave 
e lement ; 

15 h) a sequential combination of a bi-concave element with 

a plano-convex element with said convex side of said 
plano-convex element adjacent to said bi-concave element; 

i) a sequential combination of a plano-concave element 
20 and a plano-convex element with the essentially flat side 

of said plano-concave element being adjacent to the 
convex side of the plano-convex element; 

j) a sequential combination of a plano-concve element 
25 and a plano-convex element with the essentially flat side 

of said planoconcave element being adjacent tot he convex 
side of said plano-convex element; 

k) a sequential combination of a plano-convex element 
30 and a plano-concave element with the essentially flat 

side of said plano-covex element and the essentially flat 
side of said plano-concave element being adjacent to one 
another ; 



1) a sequential combination of a plano-concave element 
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and a plano-convex element with the concave side of said 
plano-concave element being adjacent to the convex side 
of the plano-convex element; 

5 m) a sequential combination of a plano-convex element 

and a bi-concave element with said convex side of said 
plano-convex element adjacent to said bi-concave element; 

n) a sequential combination of a bi-concave element and 
10 a plano-convex element with said essentially flat side of 

said plano-convex element adjacent to said bi-concave 
e lement ; 

o) a sequential combination of a plano-convex element 
25 and a plano-concave element with said convex side of said 

plano-convex element adjacent to the concave side of the 
plano-concave element; 

p) a sequential combination of a plano-concave element 
20 and a plano-convex element with said essentially flat 

side of said plano-convex element being adjacent to the 
essentially flat side of the plano-concave element; 

- q) a sequential combination of a plano-convex element 

25 and a plano-concave element with said convex side of said 

plano-convex element being adjacent to the essentially 
flat side of the plano-concave element; and 

r) a sequential combination of a plano-concave element 
30 with a plano-convex element with the essentially flat 

side of said plano-convex element being adjacent to the 
concave side of said plano-concave element; 

and wherein said region between said first and second elements 
having essentially the optical properties of a selection from the 
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group consisting of: 

a void region; and 

a functional equivalent to a void region. 

5 

A present invention lens system with application in 
ellipsometer systems can be further characterized in that the 
converging element of said first and second el 

--- -u.tr — - u 

made of a material independently selected from the group 
10 consisting of: 

CaF 2 ; 
BaF 2 ; 
LiF; and 

15 

MgF 2 ; 

and the diverging element of said first and second elements is 
selected to be made of fused silica, although it is within the 
20 scope of thepresent invention to make the converging element of 
fused silica and the diverging element of a selection from the 
group consisting of CaF 2 ; BaF^ ; LiF; and MgF^ . It is noted that 

lens elements made of MgF^ are typically bi -r ef r ingent whereas 

lens elements made of CaF ; BaF and LiF typically demonstrate 

° 5 

far less bi-ref r ingence, unless subjected to stress. 

A present invention lens system with a focal lenght of fifty 
millimeters or less, with application in ellipsometer systems, 
^ can be described as being comprised of lens system comprising two 
sequentially oriented lenses, each of said sequentially oriented 
lenses being comprised of: 

at least two sequentially oriented elements, one of said at 
least two sequentially oriented elements being of a shape and 
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orientation which individually converges a beam of 
electromagnetic radiation caused to pass therethrough, and 
the other being of a shape and orientation which individually 
diverges a beam of electromagnetic radiation caused to pass 
5 therethrough, there being a region between said first and 

second elements such that, in use, a beam of electromagnetic 
radiation sequentially passes through said first element, 
then said region therebetween, and then said second element 
before emerging as a focused beam of electromagnetic 
10 radiation; said lens system being described by a selection, 

as shown in Figs. Ia25 - la28, from the group consisting of: 

1 . a sequential combination of a converging element (C), a 

diverging element (D), a converging element (C) and a 

diverging element (D); 
15 2_^_ a sequential combination of a converging element (C), a 

diverging (D) element, a diverging (D), element and a 

converging (C) element; 

3 . a sequential combination of a diverging element (D), a 
converging element (C), a diverging (D) element and a 

20 converging (C) element; 

4 . a sequential combination of a diverging element (D), a 
converging element (C) , a converging element (C) and a 
diverging (D) element. 

And, of course, other sequential lens element configurations 
25 within the scope of the present invention include: 

( Converging ( C ) ) ( Converging ( C) ) ( Diverging ( D ) ) ; 

( Pi verging ( D ) ) (Diverging ( D ) ) ( Converging ( C ) ) ; 

( Converging ( C) ) ( Diverging ( D ) ) ( Diverging ( D ) ) ; 

( Diverging ( D ) ) ( Converging ( C ) ) ( Diverging ( D ) ) ; 
3 0 (Converging (C) ) ( Conver g ing ( C ) ) (Diverging ( D ) ) (Diverging ( D ) ) ; and 

(Diverging ( D ) ) (Diverging ( D ) ) ( Converging ( C ) ) ( Converging ( C ) ) . 

One embodiment of a present invention lens system is further 
characterized by at least one selection from the group consisting 
of: 

a . the focal length of the lens system is between forty (40) 

19 




and forty-one (41) millimeters over a range of wavelengths of at 
least two-hundred (200) to seven-hundred (700) nanometers; and 

b . the focal length of the dual stage lens system varies by 
less than five (5%) percent over a range of wavelengths of 

5 between two-hundred and five-hundred nanometers; and 

c . the spot diameter at the focal length of the lens system is 
less than seventy-five (75) microns over a range of wavelengths 
of at least two-hundred (200) to seven-hundred (700) nanometers. 

10 (It is noted that the listing of single two element lens 
constructions (a) through (r) above provides insight to 
applicable converging and diverging lens element combinations in 
dual stage lens systems). 

15 It is specifically noted that the present invention includes 

the case of an ellipsometer system in which only one of said 
mult i -e lement input or output lenses is present, (typically only 
the input lens), and the case wherein both input and output 
lenses are present, but only one is of multiple element 

20 construction, and/or demonstrates b i -r e f r i ngence . 

A prefered present invention single two element lens system 
is constructed from a Bi-convex lens element made of CaF^, (eg. 

JANOS Technology Inc. Part No. A1407-003), functionally combined 
25 with a Fused Silica Piano-Concave lens element, (eg. OptoSigma 

Inc. Part No. 012-0080), in a manner generally indicated by Fig. 
Ia3 . 

Continuing, it is further noted that various beam directing 
30 means, such as mirror systems, enable providing small, 

spectr oscopical ly essentially undispersed, electromagnetic beam 
spot size at a material system, but that most such mirror systems 
are biref r ingent , in that they retard orthogonal components of a 
polarized electromagnetic beam reflecting therefrom, by different 
3 5 amounts . 



Further , 
e 1 1 i psome tr i c 



while present invention mult i -element lenses in 
settings are typically relatively less birefringent 

20 




and chromatically dispersive than are, for instance, 
electromagnetic beam directing mirror systems, in the case where 
a present invention mul t i -e lement input and/or output optical 
element(s) demonstrates birefringence, the present invention is 
5 further a method of accurately evaluating parameters in 

parameterized equations in a mathematical model of a system of 
spatially separated input and output elements, (herein 
beneficially, demonstratively, identified as lenses), as applied 
in an ellipsometry or polarimetry setting. Said parameterized 

10 equations enable, when parameters therein are properly evaluated, 
independent calculation of retardation entered by each of said 
mul t i -e lement input lens and said mu 1 t i -e lement output lens to, 
or between, orthogonal components of a beam of electromagnetic 
radiation caused to pass through said input and output lenses. 

15 This provides utility in the form of enabling the breaking of 
correlation between retardation entered between orthogonal 
components in a spectroscopic e lectr omaget ic beam by input and 
output lenses and by a material system under investigation. (It 
is to be understood that at least one of said mult i -e lement input 

2 0 and output lenses in a present invention ellipsometer is often at 
least somewhat birefringent even though it is quas i -achr omat ic 
regarding focal length over a relativley wide wavelength range). 

In a basic sense, the present invention method of breaking 
25 correlation between retardation effects caused by present 
invention mul t i -e lement input and/or output lenses in an 
ellipsometer system, and retardation effects caused by an 
adjacent, otherwise ellipsometr ically undist inguishable material 
system being investigated comprises, in any functional order, the 
30 steps of: 

a. providing spatially separated input and output optical 
element (eg. lenses), at least one of said input output lenses 
demonstrating birefringence when a beam of electromagnetic 
radiation is caused to pass therethrough, there being a means for 
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supporting a material system positioned between said input and 
output lenses ; 

b. positioning an ellipsometer system source of 

5 electromagnetic radiation and an ellipsometer system detector 
system such that in use a beam of electromagnetic radiation 
provided by said source of electromagnetic radiation is caused to 
pass through said input lens, interact with said material system 
in a plane of incidence thereto, and exit through said output 
10 lens and enter said detector system; 

c. providing a material system to said means for supporting a 
material system, the composition of said material system being 
sufficiently well known so that retardance entered thereby to a 

15 polarized beam of electromagnetic radiation of a given 

wavelength, which is caused to interact with said material system 
in a plane of incidence thereto, can be accurately modeled 
mathematically by a parameterized equation which, when parameters 
therein are properly evaluated, allows calculation of retardance 

.20 entered thereby between orthogonal components of a beam of 

electromagnetic radiation caused to interact therewith in a plane 
of incidence thereto, given wavelength; 

d. providing a mathematical model for said ellipsometer system 
25 and said input and output lenses and said material system, 

comprising separate parameterized equations for independently 
calculating retardance entered between orthogonal components of a 
beam of electromagnetic radiation caused to pass through each of 
said input and output lenses and interact with said material 
30 system in a plane of incidence thereto; such that where 

parameters in said mathematical model are properly evaluated, 
retardance entered between orthogonal components of a beam of 
electromagnetic radiation which passes through each of said input 
and output lenses and interacts with said material system in a 
plane of incidence thereto can be independently calculated from 
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said parameterized equations, given wavelength; 

e. obtaining a spectroscopic set of el 1 ipsometr ic data with 
said parameter izable material system present on the means for 

5 supporting a material system, utilizing a beam of electromagnetic 
radiation provided by said source of electromagnetic radiation, 
said beam of electromagnetic radiation being caused to pass 
through said input lens, interact with said parameter i zable 
material system in a plane of incidence thereto, and exit through 
10 said output lens and enter said detector system; 

f. by utilizing said mathematical model provided in step d. and 
said spectroscopic set of e 1 1 ipsometr ic data obtained in step e., 
simultaneously evaluating parameters in said mathematical model 

15 parameterized equations for independently calculating retardance 
entered between orthogonal components in a beam of 
electromagnetic radiation caused to pass through said input lens, 
interact with said material system in a plane of incidence 
thereto, and exit through said output lens. 

20 

The end result of practice of said method is that application 
of said parameterized equations for each of said input lens, 
output lens and material system for which values of parameters 
therein have been determined in step f., enables independent 

25 calculation of retardance entered between orthogonal components 
of a beam of electromagnetic radiation by each of said input and 
output lenses, and said material system, at given wavelengths in 
said spectroscopic set of ell ipsometr ic data. And, it is 
emphasized that said calculated retardance values for each of 

30 said input lens, output lens and material system are essentially 
uncorre lated . 

It is further to be appreciated that one of said input or 
output lenses can be physically absent entirely, which is the 
equivalent to considering it to be simply surrounding ambient 
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atmosphere with associated non-biref r ingent properties. The 
language "providing spatially separated input and output lenses, 
at least one of said input and out p ut lenses demonstrating 
birefringence when a beam of electromagnetic radiation is caused 
to pass therethrough", is to be interpreted to include such a 
situation wherein a non-biref r ingent lens is simply atmospheric 
ambient or an optical equivalent. Additionally, it is to be 
understood that input optical elements can comprise beam 
directing means and window(s), (as in a vacuum chamber), in 
addition to input lens(es); and that optput optical elements can 
comprise selection beam directing means and window(s), (as in a 
vacuum chamber), as well as output lens(es). 
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As further discussed later herein, a modification to the 
just recited method can be to, (in the step d. provision of a 
mathematical model for said ellipsometer system and said input 
and output lenses and said parameter i zable material system for 
each of said input and output lenses), provide separate 
parameterized mathematical model parameterized equations for 
retardance entered to each of said two orthogonal components of a 
beam of electromagnetic radiation caused to pass through said 
input and output lenses. When this is done, at least one of said 
orthogonal components for each of said input and output lenses is 
directed out of the plane of incidence of said electromagnetic 
beam onto said parameter izable material system. And, typically, 
though not necessarily, one orthogonal component will be aligned 
with the plane of incidence of said electromagnetic beam onto 
said parameterizable material system. when this is done, 
calculation of retardation entered between orthogonal components 
of said beam of electromagnetic radiation, given wavelength, by 
said input lens is provided by comparison of retardance entered 
to each of said orthogonal components for said input lens, and 
such that calculation of retardation entered between orthogonal 
components of said beam of electromagnetic radiation, given 
wavelength, by said output lens is provided by comparison of 
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retardance entered to each of said orthogonal components for said 
output lens. 

It is pointed out that the step f. simultaneous evaluation of 
5 parameters in said mathematical model parameterized equations for 
said parameter izable material system, and for said input and 
output lenses, is typically, though not necessarily, achieved by 
a square error reducing mathematical curve fitting procedure. 

10 It is important to understand that in the method recited 

earlier, the step b. positioning of an ellipsometer system source 
of electromagnetic radiation and an ellipsometer system detector 
system includes positioning a polarizer between said source of 
electromagnetic radiation and said input lens, and the 
15 positioning of an analyzer between said output lens and said 
detector system, and in which the step e. obtaining of a 
spectroscopic set of ellipsometr ic data typically involves 
obtaining data at a plurality of settings of at least one 
component selected from the group consisting of: (said analyzer 
and said polarizer). As well, it is to be understood that 
additional elements can also be placed between said source of 
electromagnetic radiation and said input lens, and/or between 
said output lens and said detector system, and that the step e. 
obtaining of a spectroscopic set of ellipsometr ic data can 
involve, alternatively or in addition to the recited procedure, 
obtaining data at a plurality of settings of at least one of said 
additional components . 
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It is also to be understood that the step of providing 
separate parameterized mathematical model parameterized equations 
for enabling independent calculation of retardance entered by 
said input said output lenses between orthogonal components of a 
beam of electromagnetic radiation caused to pass through said 
input and output lenses preferably 
involves parameterized equations having a form selected from the 
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group consisting of: 



ret ( }\ ) = (Kl/* ) 

ret( > ) - (Kl/ A )*( 1 + (K2/7C) ) 
5 ret(^) - (Kl/A )*( 1 + (K2//V) + (K3/ y V)) 



A modified method of accurately evaluating parameters in 
parameterized equations in a mathematical model of a system of 
spatially separated input and output lenses, said parameterized 

IQ equations enabling, when parameters therein are properly 

evaluated, independent calculation of retardation entered by each 
of said input lens and said output lens to at least one 
orthogonal component(s) of a beam of electromagnetic radiation 
caused to pass through said input and output lenses, at least one 

15 of said input and output lenses being biref r ingent , said method 
comprising, in a functional order, the steps of: 

a. providing spatially separated input and output lenses, at 
least one of said input and output lenses demonstrating 

20 birefringence when a beam of electromagnetic radiation is caused 
to pass therethrough, there being a means for supporting a 
material system positioned between said input and output lenses; 

b. positioning an ellipsometer system source of 

25 electromagnetic radiation and an ellipsometer system detector 
system such that in use a beam of electromagnetic radiation 
provided by said source of electromagnetic radiation is caused to 
pass through said input lens, interact with said material system 
in a plane of incidence thereto, and exit through said output 

30 lens and enter said detector system; 

c. providing a material system to said means for supporting a 
material system; 



d. providing a mathematical model for said ellipsometer system 




and said input and output lenses and said material system, 
comprising, for each of said input lens and said output lens, 
separate parameterized equations for retardance for at least one 
orthogonal component in a beam of electromagnetic radiation 
5 provided by said source of electromagnetic radiation, which 
orthogonal component is directed out of a plane of incidence 
which said electromagnetic beam makes with said material system 
in use, and optionally providing separate parameterized equations 
for retardance for an in-plane orthogonal component of said beam 

10 of electromagnetic radiation, such that retardation entered to 
said out-of-plane orthogonal component, and optionally to said 
in-plane orthogonal component, of said beam of electromagnetic 
radiation by each of said input and output lenses, can, for each 
of said input and output lenses, be separately calculated by said 

15 parameterized equations, given wavelength, where parameters in 
said parameterized equations are properly evaluated; 

e. obtaining a spectroscopic set of ell ipsometr ic data with 
said material system present on the means for supporting a 

20 material system, utilizing a beam of electromagnetic radiation 
provided by said source of electromagnetic radiation, said beam 
of electromagnetic radiation being caused to pass through said 
input lens, interact with said material system in a plane of 
incidence thereto, and exit through said output lens and enter 

25 said detector system; 

f. by utilizing said mathematical model provided in step d. and 
said spectroscopic set of ellipsometr ic data obtained in step e., 
simultaneously evaluating material system DELTA'S in correlation 

30 with in-plane orthogonal component retardation entered to said 
beam of electromagnetic radiation by each of said input and 
output lenses, and parameters in said mathematical model 
parameterized equations for out-of-plane retardance entered by 
said input lens and said output lens to a beam of electromagnetic 
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radiation caused to pass through said input lens, interact with 
said material system in said plane of incidence thereto, and exit 
through said output lens. 

5 Again, application of said parameterized equations for 

out-of-plane retardance entered by said input lens and said 
output lens to a beam of electromagnetic radiation caused to pass 
through said input lens, interact with said material system in 
said plane of incidence thereto, and exit through said output 
10 lens, for which values of parameters therein are determined in 

step f., enables independent calculation of retardance entered to 
said out-of-plane orthogonal component of a beam of 
electromagnetic radiation by each of said input and output 
lenses, given wavelength. 

15 

Also, again the step f. simultaneous evaluation of 
parameters in said mathematical model parameterized equations for 
calculation of retardance entered to said out-of-plane orthogonal 
component of a beam of electromagnetic radiation by each of said 
20 input and output lenses, given wavelength, and said correlated 
material system DELTA'S and retardance entered to said in-plane 
orthogonal component of a beam of electromagnetic radiation by 
each of said input and output lenses, is typically achieved by a 
square error reducing mathematical curve fitting procedure. 

25 

It remains, in the presently disclosed method, to provide 
values for parameters in the in-plane parameterized equations for 
retardation, in said mathematical model of a system of spatially 
separated input and output lenses. The presently disclosed 
30 method therefore further comprises the steps of: 

g. providing a parameterized equation for retardation entered 
by said material system to the in-plane orthogonal component of a 
beam of electromagnetic radiation, and as necessary similar 
parameterized equations for retardation entered by each of said 
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input and output lenses to the in-plane orthogonal component of a 
beam of electromagnetic radiation; and 

h. by utilizing said parameterized mathematical model provided 
5 in step d. and said spectroscopic set of el 1 i psometr ic data 

obtained in step e., simultaneously evaluating parameters in said 
mathematical model parameterized equations for independent 
calculation of retardance entered in-plane by said material 
system and by said input lens and said output lens such that the 
10 correlation between material system DELTA'S and the retardance 
entered by said in-plane orthogonal component of a beam of 
electromagnetic radiation by each of said input and output 
lenses, at given wavelengths in said spectroscopic set of 
ellipsometr ic data, is broken. 

1.5 

The end result of practice of the immediately foregoing 
steps a. - h. is that application of said parameterized equations 
for each of said input lens, output lens and material system for 
which values of parameters therein have been determined in step 

20 h., enables independent calculation of retardance entered to both 
said out-of-plane and said in-plane orthogonal components of a 
beam of electromagnetic radiation by each of said input and 
output lenses, and retardance entered by said material system to 
said in-plane orthogonal component of said beam of 

25 electromagnetic radiation, at given wavelengths in said 
spectroscopic set of ellipsometr ic data. 

As before for other parameter evaluation steps, the step h. 
simultaneous evaluation of parameters in said mathematical model 
parameterized equations for said in-plane retardation entered by 
said parameterized material system, and said input and output 
lenses, is typically achieved by a square error reducing 
mathematical curve fitting procedure. 

If the material system present can not be easily 



30 



29 




parameterized, the presently disclosed method of accurately 
evaluating parameters in parameterized equations in a 
mathematical model of a system of spatially separated input and 
output lenses, provides that the following steps, g. - j. be 
5 practiced: 

g. removing the material system from said means for supporting 
a material system positioned between said input and output 
lenses, and positioning in its place an alternative material 

10 system for which a parameterized equation for calculating 

in-plane retardance entered to a beam of electromagnetic 
radiation, given wavelength, can be provided; 

h. providing a parameterized equation for retardation entered 
15 in-plane to an orthogonal component of a beam of electromagnetic 

radiation by said alternative material system which is then 
positioned on said means for supporting a material system 
positioned between said input and output lenses, and as 
necessary similar parameterized equations for retardation entered 
20 by each of said input and output lenses to the in-plane 

orthogonal component of a beam of electromagnetic radiation; 

i. obtaining a spectroscopic set of e 1 1 ipsome tr ic data with 
said alternative material system present on the means for 

25 supporting a material system, utilizing a beam of electromagnetic 

radiation provided by said source of electromagnetic radiation, 
said beam of electromagnetic radiation being caused to pass 
through said input lens, interact with said alternative material 
system in a plane of incidence thereto, and exit through said 

30 output lens and enter said detector system; 

j. by utilizing said parameterized mathematical model for said 
input lens and said output lens provided in step d. and said 
parameterized equation for retardation entered by said 
alternative material system provided in step h., and said 
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spectroscopic set of ellipsometr ic data obtained in step i., 
simultaneously evaluating parameters in said mathematical model 
parameterized equations for independent calculation of retardance 
entered to an in-plane orthogonal component of said beam of 
5 electromagnetic radiation by said alternative material system and 
by said input lens and said output lens, such that correlation 
between DELTA'S entered by said alternative material system and 
retardance entered by said in-plane orthogonal component of said 
beam of electromagnetic radiation, by each of said input and 

10 output lenses, at given wavelengths in said spectroscopic set of 
ell ipsometr ic data, is broken, said simultaneous evaluation 
optionally providing new values for parameters in parameterized 
equations for calculation of retardance entered in said 
out-of-plane components of said beam of electromagnetic radiation 

15 by each of said input lens and said output lens; 

The end result being that application of said parameterized 
equations for each of said input lens and output lens and 
alternative material system, for each of which values of 

20 parameters therein have been determined in step j . , enables 
independent calculation of retardance entered to both said 
out-of-plane and said in-plane orthogonal components of a beam of 
electromagnetic radiation by each of said input lens and said 
output lens, and retardance entered by said alternative material 

25 system to said in-plane orthogonal component of a beam of 
electromagnetic radiation, at given wavelengths in said 
spectroscopic set of ellipsometr ic data. 

As before, said presently disclosed method of accurately 
30 evaluating parameters in parameterized equations in a 

mathematical model of a system of spatially separated input and 
output lenses provides that in the step j. simultaneous 
evaluation of parameters in said mathematical model parameterized 
equations for said in-plane retardation entered by said 
parameterized material system, and at least said in-plane input 
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lens and output lens, is typically achieved by a square error 
reducing mathematical curve fitting procedure. 

As mentioned with respect to the first method of the present 
5 invention disclosed herein, the presently disclosed method of 

accurately evaluating parameters in parameterized equations in a 
mathematical model of a system of spatially separated input and 
output lenses provides that the step b. positioning of an 
ellipsometer system source of electromagnetic radiation and an 

10 ellipsometer system detector system includes positioning a 

polarizer between said source of electromagnetic radiation and 
said input lens, and the positioning of an analyzer between said 
output lens and said detector system, and in which the step e. 
obtaining of a spectroscopic set of ell ipsometr ic data involves 

15 obtaining data at a plurality of settings of at least one 

component selected from the group consisting of: (said analyzer 
and said polarizer). As well, it is again to be understood that 
additional elements can also be placed between said source of 
electromagnetic radiation and said input lens, and/or between 

20 said output lens and said detector system, and that the step e. 
obtaining of a spectroscopic set of ellipsometr ic data can 
involve, alternatively or in addition to the recited procedure, 
obtaining data at a plurality of settings of at least one of said 
additional components. 

25 

Said presently disclosed method of accurately evaluating 
parameters in parameterized equations in a mathematical model of 
a system of spatially separated input and output lenses also 
provides that the step of providing separate parameterized 
30 mathematical model parameterized equations for enabling 

independent calculation of out-of-plane and in-plane retardance 
entered by said input said output lenses to said beam of 
electromagnetic radiation caused to pass through said input and 
output lenses involve parameterized equations having a form 
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selected from the group consisting of: 



5 



ret ( > ) = (Kl/ ,\ ) 

ret ( > ) = (Kl/^ )*( 1 + (K2/A L ) ) 

ret( A ) = (Kl/^ )*( 1 + (K2// ) + <K3/^ ) ) 



It is again noted that while the present invention can be 
practiced with any type "lenses", be there one or two of them, 
(ie. one, or both, of the input or output lenses can be 

10 essentially non-biref r ingent and even ambient), and while an 
input lens or output lens can be considered to be formed by a 
plurality of elements, (eg. two elements made of different 
materials such as Fused Silica and Calcium Fluoride), the step a. 
providing of spatially separated input and output lenses is best 

.15 exemplified as being practiced by the providing of an 

ellipsometer system that has both input and output lenses present 
therein through which an beam of electromagnetic radiation is 
caused to convergently enter and exit in a recol 1 iminated form, 
repectively. 



Any method of the present invention can further involve, in 
a functional order the following steps al. - a4: 

al. fixing evaluated parameter values in mathematical model 
parameterized equations, for each of said input lens and output 
lens, such that said parameterized equations allow independent 
determination of retardation entered between orthogonal 
components of a beam of electromagnetic radiation caused to pass 
through said input and output lenses, given wavelength; and 



a2. causing an unknown material system to be present on said 
means for supporting a material system; 

a3. obtaining a spectroscopic set of ellipsometr ic data with 
said unknown material system present on the means for supporting 
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a material system, utilizing a beam of electromagnetic radiation 
provided by said source of electromagnetic radiation, said beam 
of electromagnetic radiation being caused to pass through said 
input lens, interact with said alternative material system in a 
5 plane of incidence thereto, and exit through said output lens and 
enter said detector system; and 

a4. by utilizing said mathematical model for said input lens 
and said output lens in which parameter values in mathematical 
10 model parameterized equations, for each of said input lens and 

output lens have been fixed, simultaneously evaluating PSI'S and 
uncorrelated DELTA'S parameters for said unknown material system. 

As in other steps in the present invention method in which 
15 parameter values are evaluated, it is again noted that the method 
of accurately evaluating parameters in parameterized equations in 
a mathematical model of a system of spatially separated input and 
output lenses in which said simultaneous evaluation of PSI'S and 
DELTA'S for said unknown material are typically achieved by a 
20 square error reducing mathematical curve fitting procedure. 

As alluded to earlier, the step of providing spatially 
separated input and output lenses, at least one of said input and 
output lenses demonstrating birefringence when a beam of 
25 electromagnetic radiation is caused to pass therethrough, can 

involve one or both lens(es) which is/are not biref r ingent . And, 
said at least one lens which is not birefringent can be 
essentially a surrounding ambient, (ie. a phantom lens which is 
essentially just the atmosphere surrounding a material system). 

30 

It is noted that where parameters in parameterized equations 
for out-of-plane retardance equations have been determined, a 
focused version of the present invention method for accurately 
evaluating parameters in parameterized equations in a 
mathematical model of a system of spatially separated input and 
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output lenses can comprise the steps of bl - b7 



bl. fixing evaluated parameter values in mathematical model 
parameterized equations, for each of said input lens and output 
5 lens, such that said parameterized equations allow independent 
determination of retardation entered between orthogonal 
components of a beam of electromagnetic radiation caused to pass 
through said input and output lenses, given wavelength; and 

10 b2 « causing an unknown material system to be present on said 

means for supporting a material system; 

b3. obtaining a spectroscopic set of ell ipsometr ic data with 
said unknown material system present on the means for supporting 
15 a material system, utilizing a beam of electromagnetic radiation 
provided by said source of electromagnetic radiation, said beam 
of electromagnetic radiation being caused to pass through said 
input lens, interact with said alternative material system in a 
plane of incidence thereto, and exit through said output lens and 
enter said detector system; and 

b4. by utilizing said mathematical model for said input lens 
and said output lens in which parameter values in mathematical 
model parameterized equations, for each of said input lens and 
output lens have been fixed, simultaneously evaluating ALPHA'S 
and BETA'S for said unknown material system, (see the Detailed 
Description for definition of ALPHA'S and BETA'S); 

b5. applying transfer functions to said simultaneously 
evaluated ALPHA'S and BETA'S for said unknown material system to 
the end that a data set of effective PSI's and DELTA'S for a 
combination of said lenses and said material system is provided; 

b6. providing a mathematical model for said combination of 
said lenses and said material system which separately accounts 
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for the retardation effects of the presence of said lenses and 
said material system by parameterized equations; and 

b7 . by utilizing said mathematical model for said combination 
5 of said lenses and said material system which separately accounts 
for the effects of the presence of at least said lenses by 
parameterized equations; and said data set of effective PSI's and 
DELTA'S for a combination of said lenses and said material 
system, simultaneously evaluating actual PSI's and DELTA'S for 
10 said unknown material system per se. 

In the case, for instance, where the ellipsometer involved 
is a Rotating Analyzer, or Rotating Polarizer ellipsometer 
system, (but not where the ellipsometer involved is a Rotating 

£5 Compensator System), it is noted that determination of 

"Handedness" is required. Therefore the foregoing method can 
include, as necessary, providing a mathematical model for said 
combination of said lenses and said material system which 
separately accounts for the retardation effects of the presence 

2Q of said lenses and said material system by parameterized 

equations which further includes providing for the effects of 
Handedness. It is specifically stated that where the present 
invention approach of regressing onto effective PSI and DELTA 
values, (as determined in step b7 . ) , is utilized, the 

25 mathematical model can be derived so that "Handedness" is 

accounted for in arriving at actual PSI's and DELTA'S for said 
unknown material system per se . 

As a general comment it is to be understood that separate 
30 PSI and DELTA values are achieved for each angle of incidence a 
beam of electromagnetic radiation makes with respect to a 
material substrate and for each wavelength utilized in a 
spectroscopic range of wavelengths. 

Also, as the present invention methodology finds application 
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in ellipsometer systems in which are present input and/or output 
lenses, the foregoing methods of use are recited utilizing 
specific reference to input and output lenses in ellipsometer 
systems. In general said methodology can be applied where any 
5 input and/or output optical elements are present. 

Finally, while the forgoing has presented method steps in a 
logical to enhance disclosure, it is to be understood that the 
steps of any method recitation in this Specification can be 
10 practiced in any functional order and remain within the scope of 
the present invntion. 

The present invention will be better understood by reference 
to the Detailed Description Section of this Disclosure, with 
15 appropriate reference being has to the Drawings. 
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SUMMARY OF THE INVENTION 

It is a primary objective and/or purpose of the present 
invention to describe a lens system which enables practice of 
5 focused beam small-spot spectroscopic ellipsometry over a large 
wavelength range, including into the deep UV, (eg. wavelengths 
down to and below lyu NM). Multi-element lenses which comrnise 
elements made of different materials allow essentially the same 
focal length to be achieved over a wide wavelength range. 

10 

It is another primary objective and/or purpose of the 
present invention to provide methods, (as originally presented in 
Parent Application Serial No. 09/162,217 as regards compensating 
Vacuum Window Birefringence), for essentially eliminating 

^5 birefringence achromatic effects of multiple element input and 
output lenses, (optionally in combination with other 
ell ipsometr ically indistinguishable elements), in the analysis of 
ell ipsometr ic data obtained utilizing an ellipsometer system 
beam of electromagnetic radiation which passes through said 

20 lenses. 

Other objectives and/or purposes will become apparent by 
reference to other sections of this Specification. 

25 



30 



38 



BRIEF DESCRIPTION OF THE DRAWINGS 



Fig. lal shows a general elemental configuration of an 
ellipsometer system which can be applied to investigate a 
material system (SS). 

Fig. Ia2 shows a perspective view of another ellipsometer system 
configuration showing the presence of electromagnetic beam 
directing optical elements (PRI) and (PRO). 

Fig. Ia3 shows construction of a quasi-achromatic multi-element 
lens which can be considered as present at AC1 or AC 2 in Fig. 
lal . 

Fig, la4 shows construction of a dual stage quasi -achromatic 
mu 1 t i -e lement lens which can be considered as present at ACi or 
AC2 in Fig. lal. 

Fig. Ia5 shows a plot of spot diameter vs. wavelength which 
characterizes a dual stage quasi-achromatic mult i -element lens as 
shown in Fig. Ia4 7 and of single stage fused silica and CaF^ 

lenses . 

Fig. Ia6 shows a plot of focal length vs. wavelength which 
characterizes a dual stage quas i -achr oma t ic multi-element lens as 
shown in Fig. Ia4, and of single stage fused silica and CaF n 

lenses . 

Figs. Ia7 - la24 show various combinations of bi-concave, 
plano-concave, bi-convex and plano-convex lens elements which can 
comprise a present invention lens. 

Figs. Ia25 - la23 show various sequences of converging and 
diverging lens elements which can comprise a present invention 
dual lens system. 




Figs. Ibl-lb4 show, respectively, a positive miniscus lens; a 
negative miniscus lens; an aspheric convex lens and an aspheric 
concave lens . 

5 Fig. lc shows a top elevational view of the ellipsometer system 
of Fig. Ia2 in the region of the detector. 

Fig. 'I shows a top view u£ the ellipsometer system of Fig, "I a 7 . 
showing the presence of optical elements (PRI) and (PRO). 

10 

Fig. 3a shows a partial front elevational view of the 
ellipsometer system of Fig. Ia2. 

Fig. 3b shows a relative electromagnetic beam "Spot" size where 
15 an angle of incidence of seventy-five (75) degrees is utilized. 

Fig. 3c shows a relative electromagnetic beam "Spot" 

size where an angle of incidence of sixty-five (65) degrees is 

ut i 1 i zed . 

2 0 

Fig. 4a shows "in-phase" components of a polarized beam of 
electromagnetic radiation. 

Fig. 4b shows "ninety-degree-out-of -phase " components of a 
25 polarized beam of electromagnetic radiation. 

Fig. 5 shows a conventional prior art ellipsometer system. 

Fig. 6 shows a system, which can be used as (PRI) and/or (PRO), 
30 (shown in Figs. Ia2 and 2), for changing the initial propagation 
direction of a beam of electromagnetic radiation without 
significantly changing the phase angle between orthogonal 
components thereof. 
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DETAILED DESCRIPTION 

Turning now to the Drawings, there is shown in Fig. lal, a 
general elemental configuration of an ellipsometer system to 
5 which the present invention can be applied to investigate a 

material system (SS). Shown for reflection and transmission are 

a. a Source of a beam electromagnetic radiation (LS); 
10 b - a Polarizer element (P); 

c. optionally a compensator element (CI); 

d. (additional element(s)) ( AC1 ) ; 

e. a material system (SS); 

f. (additional element(s)) (AC2); 

2o 9- optionally a compensator element (C2); 

h. an Analyzer element (A); and 

i. a Detector System (DET). 



25 
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The elements identified as (LS), (P) and (CI) can be 
considered to form, as a group, a Polarization State Generator 
(PSG), and the components (C2), (A) and (DET) can be considered, 
as a group, to form a Polarization State Detector (PSD). It is 
to be understood that the d. and f. "additional elements", (AC1) 
and (AC2), can be considered as being, for the purposes of the 
present invention Disclosure, primarily input and output lenses, 
and that only one such lens might be present in an ellipsometer 
system, (typically the input lens (AC1)). Fig. Ia3 shows the 
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preferred construction of a present invention single 
quasi-achromatic multi-element lens which can be considered as 
present at AC1 or AC2 . Note the presence of two (2) lens 
elements (FE1) and (FE3), with FE2 being, typically, a void or 
5 "air gap", or a material with functionally similar optical 
properties. Fig. Ia4 shows the construction of a present 
invention dual quasi-achromatic mul t i -e lement lens which can be 
considered as present at AC1 or AC2, with an element sequence of: 

( (Diverging ( D ) ) ( Converging ( C ) ) ( Converging ( C ) ) (Diverging ( D ) ) ; 
10 as indicated in Fig. Ia28. In Fig. Ia4, it is to be understood 

that one, or both, of the two quasi-achromatic mul t i -e lement lens 
shown can be reversed left to right, (ie. replaced with a 
vertical mirror image), and remain within the scope of the 
present invention. Another embodiment provides that a sequence of 
;15 lens elements be: 

( Converging ( C ) ) (Diverging ( D ) ) ( Converging ( C ) ) ( Diverging ( D ) ) ; 
as indicated in Fig. Ia25, which is achieved by providing a 
vertically oriented mirror image of the first lens system which 
is comprised of (FEla) (FE2a) and (FE3a) in Fig. Ia4. Other 
20 arrangements are indicated in Figs. Ia26 and la27. 

( Converging ( C ) ) (Diverging ( D ) ) (Diverging ( D ) ) ( Converging ( C ) ) ; and 

(Diverging ( D ) ) ( Converging ( C ) ) ( Diverging ( D ) ) ( Converging ( C ) ) ; 
And, of course, other, (not shown), configurations within the 
scope of the present invention include: 
2 5 ( Converging ( C ) ) ( Converging ( C ) ) (Diverging ( D ) ) ; 

( Diverging ( D ) ) ( Diverging ( D ) ) ( Conver g i ng ( C ) ) ; 

( Converging ( C ) ) ( Diverging ( D ) ) (Diverging ( D ) ) ; 

(Diverging ( D ) ) ( Converging ( C ) ) ( Diverging ( D ) ) ; 

( Converging ( C ) ) ( Converging ( C ) ) ( Diverging ( D ) ) (Diverging ( D ) ) ; and 
30 ( Diverging ( D ) ) ( Diverging ( D ) ) ( Converging ( C ) ) ( Converging ( C ) ) . 

It should be appreciated that the additional elements in d. 
can then comprise selection(s) from the group consisting of: 

beam directing means, (see (PRI) (PRO) in Fig. Ia2); 
input lens(es); and 
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window(s), as in a vacuum chamber; 

and the additional elements in f. can then comprise selection(s) 
from the group consisting of: 

beam directing means, (see (PRI) (PRO) in Fig. Ia2); 

output lens(es); and 

window (s), as in a vacuum chamber. 



As described with respect to Fig. Ia3, at least one of the input 
and output lenses, (generally represented by (AC1) and (AC2) in 
Fig. lal), can, when selected and present, be of multi -element 
(FED (FE3) construction, wherein, for each of said input and 
output lenses (AC1) and (AC2), when selected and present, at 
15 least two elements (FE1) and (FE3) thereof are made from 

different materials, such that in use the focal length for each 
wavelength in a range of wavelengths is essentially the same as 
that for every other wavelength, wherein at least one of said 
input and output lenses, when selected and present, demonstrates 
20 properties selected from the group consisting of: 

both demonstrating birefringence; 

neither demonstrating birefringence; 

one demonstrating birefringence and the other not. 



Representative materials from which different elements in said 
input and output lenses can be made made are calcium fluoride 
(FE1) (FEla) (FElb), and fused silica (FE3), (FE3a) (FE3b). 

Another embodiment of an ellipsometer system to which the 
present invention can be applied to further achieve smaller 
electromagnetic beam "Spot" size, is shown in Figs. Ia2, 2 and 
3a. Fig. Ia2 shows a Perspective view of a demonstrative system, 
Fig. 2 is a Top View, and Fig. 3a is a Front Elevational View. 
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Fig. Ia2 shows a Light Source (LS) and a Polarizer (P), which in 
combination serve to produce a generally horizontally oriented 
Polarized Beam of Electromagnetic Radiation (LBI). Said 
generally horizontally oriented Polarized Beam of Electromagnetic 
5 Radiation (LBI) is caused to interact with Optical Element, (eg. 
Prism), (PRI), essentially totally internally reflect therein, 
pass through Focusing Optic (Fl) and become generally vertically 
oriented Polarized Beam of Electromagnetic Radiation ( LBI f ) , then 
interact with a Material System (MS) present on a Material System 

10 supporting Stage (STG). Figs. Ia2 and 2 show that said 

interaction with the Surface (S) of said Material System (MS) 
causes a generally vertically oriented Polarized Beam of 
Electromagnetic Radiation ( LBO 1 ) to pass through Focusing Optic 
(F2). Figs. Ia2 and 2 show that after passing through Focusing 

£5 Optic (F2) said generally vertically oriented Polarized Beam of 
Electromagnetic Radiation (LBO') interacts with Optical Element, 
(eg. Prism), (PRO) and is essentially totally internally 
reflected thereby to become generally horizontally oriented 
Polarized Beam of Electromagnetic Radiation (LBO), which 

20 generally horizontally oriented Polarized Beam of Electromagnetic 
Radiation (LBO) passes through Analyzer (A) and then enters 
Detector System (DET), via Circular Aperture ( AP ) , for analysis. 
It is noted that the purpose of the Focusing Optics (Fl) is to 
produce a very Concentrated High Intensity Small Area Polarized 

25 Beam of Electromagnetic Radiation (LBI ? ) from Collimated 

Polarized Beam of Electromagnetic Radiation (LBI). The purpose 
of Focusing Optic (F2) is to "Re-Col 1 imate " the generally 
vertically oriented Polarized Beam of Electromagnetic Radiation 
( LBO f ) which results from the Focused Polarized Beam of 

30 Electromagnetic Radiation (LBI 1 ) being Reflected from said 

Material System (MS). The Re-Coll imated generally vertically 
oriented Beam of Electromagnetic Radiation (LBI 1 ) being 
identified as generally horizontally oriented Beam of 
Electromagnetic Radiation (LBO) after it has been caused to 
interact with Prism (PRO). 
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Figs. Ibl-lb4 show, respectively, a positive miniscus lens; 
a negative miniscus lens; an aspheric convex lens and an aspheric 
concave lens. Said lens types can be utilized in the present 
invention at AC1 and/or AC2 and/or AC2 ' in Fig. lal; and at Fl 
5 and/or F2 in Fig. Ia2 in addition to or instead of lens 
cont igurat ions shown in Figs. Ia3, Ia4 and la7 - ia24. 

Fig. 1c shows a more detailed, Top View, of a present 
invention Detector (DET) system as indicated in Fig. Ia2. 

10 

It is noted that (PRI) and (PRO) can be made of the same 
material, but the preferred embodiment provides that (PRI) be 
made of BK7 (refractive index approximately 1.55) and that (PRO) 
be made of F2 (refractive index approximately 1.7). 

15 

For demonstration purposes, Fig. 2 also shows, in dotted 
line form, Compensators (C) and (C). When present one or more 
present Compensator ( s ) can be caused to rotate in use and the 
system is then a Rotating Compensator System and while obtaining 

20 data, both Polarizer (P) and Analyzer (A) are then held 

stationary. However, the Compensa t or ( s ) (C) and (C) can be 
absent or held stationary in use, and in use at least one of the 
Polarizer (P) and Analyzer (A) elements caused to rotate, thereby 
forming a Rotating Polarizer and/or Rotating Analyzer System. 

25 For the purposes of the present invention the specific element 

caused to rotate, or which is rotatable, in use is not a primary 
focus of Patentability. Rather, it is the presence of lenses 

30 



45 




(Fl) and (F2) which provide essentially constant focal lengths 
over a large range of wavelengths which constitutes the 
improvement . 

5 Fig. 3a shows that as viewed in frontal elevation, generally 

vertically oriented Polarized Beams of Electromagnetic Radiation 
( LBI 1 ) and (LBO') approach and are reflected from, respectively, 
Material System (MS) at equal angles of Incidence and Reflection 
(t? r ^) with respect to a normal to the upper surface of said 

10 Material System (MS). It is to be noted, as demonstrated by Fig. 
3b, that a generally vertically oriented Polarized Beam of 
Electromagnetic Radiation (LBI ! ) caused to be incident on a 
Material System (MS) at Seventy-Five (75) Degrees, (a typical 
Brewster Angle for Semiconductors), will "Spread" so that 

15 relative dimensions of the Beam "Spot" caused to appear on said 

Material System (MS) are One (1) by Four (4). Where the Angle of 
Incidence is set to Sixty-Five (65) Degrees, Fig. 3c shows that 
the Spot size is shown to have relative dimensions of One (1) by 
Two and one-half (2.5). This demonstrates that the closer to a 

20 Normal Angle of Incidence, (eg. (Q) = zero (0.0) Degrees), with 
respect to a Material System (MS) surface), a generally 
vertically oriented Polarized Beam of Electromagnetic Radiation 
(LBI f ) is caused to assume, the more "Concentrated" will be the 
Beam Intensity, and the smaller will be the Material System 

25 Investigating Spot Size. Higher Beam Intensity and Reduced 

Material System Investigating Spot Size are often both desirable 
features . 

As regards the present invention, while Figs. 3b and 3c 
30 demonstrate Beam "Spot" size reduction resulting from the control 
of the Angle-of -Incidence of an electromagnetic beam onto a 
material system, said Figs. 3a and 3b can also be viewed and 
interpreted to demonstrate that at a constant angle of incidence, 
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(whether provided by a Fig. lal or Fiq. Ia2 ellipsometer system 
configuration), different wavelengths in said Beam which pass 
through the Focusing Optics (AC1) (Fl) can have different focal 
points, and the resulting "Spectral Spread" can lead to a Fig. 3b 
5 increased "Spot" size, thereby making it impossible to 

simultaneously, spectr oscop i cal ly , investigate a small area on 
the substrate. An ideal situation therefore is achieved where 
the Focusing Optics (AC1) (Fl) is achromatic, as provided by 
mult i -e lement ieiibes such as shown in Fig. Ia3, where element 
10 (FED is made of a different material than is element (FE3) and 
where (FE2) is an air gap or equivalent. Such lenses can 
provide focal lengths which do not significantly change with 
wavelength, hence provide reduced "Spot" size. Lenses without 
radial symetry can also effect change as between Figs. 3b abd 3c. 

15 

It is further noted that Figs. Ia5 and la6 show plots of 
Spot Size and of Focal Length respectively, verses Wavelength for 
a Dual Quas i -Achr omat ic Mult i -Element Lens as demonstrated in 
Fig. Ia4, (which can be considered as present at AC1 or AC2 in 
20 Fiq. lal and at Fl and/or F2 in Fig. Ia2). Shown also are 

curves of "Spot Size" and of "Focal Length" verses Wavelength for 
Fused Silica alone and for Calcium Fluoride (CaF^) alone, and for 

a lens as shown in Fig. Ia4 where element (FE3) is Fused Silica 
and element (FED is Calcium Fluoride (CaF 0 ). Note the 

2 5 

relatively more constant result for a mult i -e lement lens as shown 
in Fig. Ia4 as compared to the results for single element lenses 
made from Fused Silica (FE3) and for Calcium Fluoride (FED. 

It is generally presented that achromatic lens systems, as 

3 0 

demonstrated in Figs. Ia3 and la4, are usually achieved by 
combination of two or more singlet lenses, said combination being 
designed to lessen lens "chromatic aberation", (eg. observable as 
varying focal length, and/or spot size at a given distance from a 
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lens as a function of wavelength). The source of chromatic 
characteristics in lenses is found in dispersion by materials 
from which lenses are made, said dispersion being quantified as a 
wavelength dependent "index of refraction" which causes different 
5 wavelengths of electromagnetic radiation to be refracted 

differently. Generally, what is required to form achromatic 
lenses is a combination of two elements which each demonstrate 
different, (not merely offset), indicies of refraction vs. 
wavelength curves. When lenses are applied in e 1 1 i psome t er s , 

10 chromatic aberation can be detrimental to their performance 
because it increases spot size of a beam of electromagnetic 
radiation at the surface of a sample under investigation, which 
increased spot size is accompanied by spectr oscopical ly varying 
angle-of -incidence spread, and intensity over the area of said 

25 spot. Of course, the larger the spectral range, the more 

pronounced become the potentially adverse affects of chromatic 
aberation. 

Continuing, for general insight, a shortcoming of Rotating 
20 Element Ellipsometer Systems, (other than Rotating Compensator 
Ellipsometers ) , generally is that certain Magnitudes of well 
known Material System characterizing PSI or DELTA can not be 
monitored thereby. For instance, in Rotating Analyzer 
Ellipsometer Systems, Material Systems with DELTA near zero (0.0) 
25 or one-hundred-eighty (180) Degrees can not be measured. It is 
also noted that Thin Dielectric Films, such as Nitride and Oxide 
on semiconductor substrates, often present with a DELTA of 
one-hundred-eighty (180) Degrees at Angle of Incidence of less 
than the Brewster Angle, (eg. sixty-five (65) Degrees). The 
30 ellipsometer system shown in Fig. Ia2 recognizes this problem and 
can utilize first and/or second Optical Elements, (eg. Prisms), 
(PRI) and (PRO) which effect Phase Angle Retardation between "P M 
and "S" Orthogonal Components of a Polarized Beam of 
Electromagnetic Radiation caused to pass therethrough. (Note 
that a "P" Component of a Polarized Beam of Electromagnetic 
Radiation is that Component found to be in a Plane containing 




both an Incident Beam of Electromagnetic Radiation and a Normal 
to a Material System Surface, while an "S" Component is that 
Component perpendicular to said "P" Plane and Parallel to the 
Material System Surface). The Phase Angle Retardation between 
5 "P" and "S M Orthogonal Components of a Polarized Beam of 

Electromagnetic Radiation caused to pass therethrough can be 
caused to Nominally Forty-Five (45) Degrees for each Optical 
Element (PRI) and (PRO) shown in Fig. 2, for a total of a Nominal 
Ninety (90) Degrees. This added Retardation between "P" and "S" 

10 Orthogonal Components serves to shift the Material System DELTA'S 
which a Rotating Analyzer Ellipsometer will be unable to measure 
to Ninety (90) and Two-Hundred-Seventy (270) Degrees. Again, 
most Thin Film Material Systems present a DELTA of near zero 
(0.0) and one-hundred-eighty (180) Degrees, hence the first and 

15 second Optical Elements (PRI) and (PRO) serve not only to direct 
a Polarized Beam of Electromagnetic Radiation as desired, but 
also serve to "Condition" said Polarized Beam of Electromagnetic 
Radiation so that it can be utilized to measure Material System 
DELTA ! s which are in the range of near zero (0.0) Degrees or near 

20 one-hundred-eighty (180) degrees. 

While Fig. 2 shows each of the first and second Optical 
Elements (PRI) and (PRO) as providing a total internal reflection 
angle of ninety (90) degrees, so as to direct said generally 

25 vertically oriented Incident Polarized Beam of Electromagnetic 
Radiation (LBI') at Ninety (90) Degrees with respect to said 
generally horizontally oriented Polarized Beam of Electromagnetic 
Radiation (LBI), and so as to direct said generally horizontally 
oriented Polarized Beam of Electromagnetic Radiation (LBO) at 

30 Ninety (90) Degrees with respect to said generally vertically 
oriented Polarized Beam of Electromagnetic Radiation ( LBO ! ) , 
other Optical Elements which provide other Angles between 
Incident and internally Reflected Beams of Electromagnetic 
Radiation can also be adapted for use in the present invention, 
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and said usage is within the scope of the present invention. In 
such a case the terminology "generally horizontally oriented" and 
"other than generally horizontally oriented" serves to describe 
the relationship between incident and reflected beams of 
5 electromagnetic radiation. As well, Optical Elements which 
introduce other than essentially forty-five (45) degrees of 
retardation between "P" and "S" components of a Polarized Beam of 
Electromagnetic Radiation at a point of total internal reflection 
can be utilized. For instance, in a Rotating Compensator 
10 Ellipsometer System, as close to zero (0.0) degrees of entered 
retardation at a reflection as is possible might be desirable. 

It should also be recognized that the presence of first and 
second Optical Elements (PRI) and (PRO) allow realization of a 
15 more laterally compact Ellipsometer or Polarimeter System Design, 
in that, as shown in Fig. 2, the Source of Electromagnetic 
Radiation (LS) and Detector (DET) can be placed as shown, rather 
than to the Right and Left of the Material System (MS) as is 
typical in most Ellipsometer Systems. 

20 

Figs. 4a and 4b show "P" and "S" Components of a Polarized 
Beam of Electromagnetic Radiation for both "In-Phase" and "Ninety 
(90) Degrees Retardation" therebetween, respectively. 

25 Fig. 5 is included to provide a reference to conventional 

ellipsometer and polarimeter and the like Material System 
investigation systems reported in the prior art. Note that a 
Light Source (LS), Polarizer (P), Material System (MS) Analyzer 
(A) and Detector (DET) are shown, as well as Incident (BI 1 ) and 

30 Reflected (BO 1 ) Electromagnetic Radiation Beams, (which are 

respectively, analogically, similarly positioned as are ( LBI f ) 
and (LBO ? ) in Fig. 3a). The region of Fig. 5 in the vicinity of 
the Material System (MS) is very much like what is shown in Fig. 
3a, but for the fact that a smaller Beam "Spot" size will be 
effected by a Fig. 3a system by lens (Fl). Note also that the 
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placement of the Light Source (LS) and Detector (DET) in Fig. 5 
are shown to be necessarily very different from that shown in 
Figs. Ia3 and 2, as the present invention first and second 
Optical Elements (PRI) and (PRO), shown in Figs. Ia2 and 2, are 
5 not present. It is noted that adjustment of Light Source (LS) 
and Detector (DET) positioning to allow different 
Angles-of -Incidence ( 0 ) to be achieved is inherently more 
difficult in a system fashioned after Fig. 5, (or after Fig. 
lal), than it is in a present invention system fashioned after 
10 Figs. Ia2 and 2. 

For purposes of applying the present invention methodology, 
in that as (PRI), (Fl), (F2) and (PRO) remain stationary during 
use in data acquisition, it should be appreciated that the Fig. 

15 la2 (PRI) and Convergent Input Lens (Fl) can be considered a 

composite system, as can (PRO) and divergent output lens (F2). 
The Claims should be interpreted to include el 1 ipsometr ically 
indistinguishable elements within the terminology "input lens" or 
"output lens", where applicable. (Note that the paper by Jones 

20 referenced in the Background Section of this Specification 
describes why birefringence from el 1 ipsometr ical ly 
indistinguishable elements can be mathematically lumped 
together ) . 

25 Also, as shown in Application Serial No. 09/144,764, filed 

08/31/98, specific beam folding optics in which specific (PRI) 
and (PRO) embodiments are decribed. Each of the (PRI) and (PRO) 
can comprise first and second systems which each comprise two 
pairs of reflecting means, between which first and second systems 

30 is positioned a material system. Fig. 6 shows a system, which 
can be used as (PRI) and/or (PRO), for changing the initial 
propagation direction of a beam of electromagnetic radiation 
without significantly changing the phase angle between orthogonal 
components thereof, comprises two pairs of reflecting means, 
(MIRROR 1) and (MIRROR 2), oriented so that said initial beam of 
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electromagnetic radiation (INCIDENT BEAM) reflects from a first 
reflecting means (MIRROR 1) in the first pair of reflecting means 
to a second reflecting means (MIRROR 2) in said first pair of 
reflecting means, in a first plane, (PLANE OF INCIDENCE 1), and 
such that the beam of electromagnetic radiation which reflects 
from said second reflecting means in said first pair of 
reflecting means is directed to a first reflecting means (MIRROR 
3) in the second pair of said reflecting means, and reflects from 
said first reflecting means (MIRROR 3) in said second pair of 
reflecting means to a second reflecting means (MIRROR 4) in said 
second pair of reflecting means, in a second plane (PLANE OF 
INCIDENCE 2), which is essentially orthogonal to said first 
plane; such that the direction of propagation of the beam of 
electromagnetic radiation reflected from the second of the 
25 reflecting means in the second pair of reflecting means is 

different from the propagation direction of the initial beam of 
electromagnetic radiation; the basis of operation being that 
changes entered to the phase angle between orthogonal components 
of a beam of electromagnetic radiation by the first of said pairs 
of reflecting means are effectively canceled by said second pair 
of reflecting means. 
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Allowed Application Serial No. 09/162,217 filed 09/29/98, 
and Allowed Application Serial No. 09/033,694 filed 03/03/98 

25 provide additional insight, and Allowed Application Serial No. 
09/144,754, filed 08/31/98 are incorporated hereinto by 
reference. In particular the 217 Application shows application 
of the present invention methodology, wherein vacuum chamber 
windows, at least one of which demonstrates birefringence, 

2Q (instead of input and output lenses), are investigated. The 694 
Application provides experimental support for operational aspects 
of the Fig. Ia3 ellipsometer system configuration, and the 764 
Application shows specific beam folding systems. 

It remains only to disclose the mathematical basis for, and 
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derivation of, the present invention second order mathematical 
model corrections, and said derivation requires the use of 
Matracies which represent the material, and each element in the 
ellipsometer system . 

To begin, as is disclosed in the 217 Application, it is to be 
understood that: 



10 



15 



a beam of electromagnetic radiation from a source thereof can be 
mathematically modeled as a Stokes Vector: 



Stokes vector for unpolarized input light; 



1= 



a polarization state insensitive detector can be mathematically 
modeled as a Stokes Vector: 



Stokes vector for a polarization insensitive detector 'D': D»( 10 0 0 ) 



,20 
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a Polarizer P, (or Analyzer A), can be mathematically modeled as 
Mueller Matrix: 

r l 1 0 0 ' 
110 0 
0 0 0 0 
0 0 0 0 



Mueller Matrix for a polarizer 'P* or analyzer 'A* 



P= 



Azimuthal Rotation as a function of Angle ( (J) ) effected by an 

element can be modeled by a Mueller Matrix: 

Azimuthal Rotation Mueller Matrix, as a function of angle >\ 



R(*)= 



10 0 0 

0 cos(2 sin(2 0 
0 -sin(2 4) cos(2 0 

0 0 oi 

a Compensator, or Bi-refrinent Window or Lens with a Retardance 
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(J) can be mathematically modeled as: 

10 0 0 



W(5)= 



0 10 o 
0 0 cos(5) sin(5) 
.0 0 -sin(i) cos(5) 

and a Sample can be mathematically modeled by a Mueller Matrix 



Mueller Matrix for a sample 'S': 



S(4\A)= 



10 



1 -N 0 0 

- N 1 0 0 

0 0 c s 

0 0 s c 



where: 

N=cos( 2 V ) 
C=sin(2 40-cos(A) 
S«sin(2 ^) sin(A) 



15 
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A complete Mueller Matrix expresion for Signal Intensity out 
of a Rotating Analyzer ellipsometer system, without lenses (AC1) 
& (AC2) present, can then be written as: 

Complete Mueller matrix expression for a rotating analyzer ellipsometer 
SignalJntensity*D-(R(-^ 



or more explicitly as 



(10 0 0 ) 



1 - N 0 0 

N 1 0 0 

0 0 c s 

0 0 s c 



10 0 0 

0 cos(2+A) -sin(2+A) 0 

0 sin(2$A) cos(2$A) 0 

0 0 0 1 

10 0 0 

0 cos(2tP) -sin(2*P) 0 

0 sin(2*P) cos(2+P) 0 

0 0 0 1 



110 0 

110 0 

0 0 0 0 

0 0 0 0 

110 0 

110 0 

0 0 0 0 

0 0 0 0 



10 0 0 

0 cos(2$A) sin(2$A) 0 

0 -sin(2 +A) cos(2 *A) 0 

0 0 0 1 

10 0 0 

0 cos(2$P) sin(2*P) 0 

0 -sin(2 *P) cos(2 *P) 0 

0 0 0 1 



Multiplying this out provides: 



Signal Jntouity- 1 - cos(2 >P)*N +■ (- N +- cos(2^P)) cos(2>A) + sin(2^A) C sin(2 4P) 
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and if the Analyzer (A) is rotating as a function of Time, 
( ie ~^>V) , then the abovce Detector Intensity can be written as 
"DC" Normalized ellipsometr ic ALPHA Qui) and BETA (3/^) Fourier 
Coefficients at (dtu) frequency: 



cos(2-jP) - N 
a = 

1 - cos(2>P)*N 



p = sin(2-+ P)-C 
I - cos(2>P)N 



]_q Where input and output lenses (AC1) and (AC2) are present, 

and designated as (Wl) and (W2) respectively, the Signal 
Intensity Equation becomes: 

SignalJntcnsity«D-fR(-* A j-A-R(> A ]l-(Rl " W)-R(* W2 ))'S-(R(- * w , j- 



15 



W(5i)-R(* wl )}-('Ri ♦p.i-p-R^p))" 1 



20 



25 



30 



Re-evaluating the Rotating Analyzer and the Detector matricies 
provides : 



First evaluate the Rotating Analyzer and Detector Matrices: 





1 


0 


0 


0 




I 1 0 


0 






0 


cos(2 *A) 


-sin(2 *A) 


0 




1 1 0 


0 




D-[R; ^I-A-RftJH 1 0 0 0 ) ' 


0 


sin(2 f\) 


cos(2 $A) 


0 




0 0 0 


0 


* 




0 


0 


0 


1 




0 0 0 


0, 





10 0 0 

0 cos(2 +A) sin(2 *A) 0 

0 -sin(2 *A) cos(2 *A) 0 

0 0 0 1 



Dct_Anaizycr=( 1 cos(2^A) sin(2+A) 0 ^s^CsO si s2 s3 ) 

Therefore, the ALPHA Qfy) and BETA (3^) of the complete system 
can be determined by multiplying out the rest of the Mueller 
Matricies (excluding the Analyzer and Detector Matraicies), 
using : 



si 

a*— 

sO 



sO 



Multiplying out the rest of the Mueller Matricies, without any 



55 



present invention s impl i feat ion provides 



15 



25 



30 



10 0 0 

0 cos2$w2 sin2+w2 0 

0 sin2+w2 cos2$w2 0 

0 0 0 1 



10 0 0 

0 10 0 

0 0 cos6w2 sinowl 

0 0 - sin5w2 cosow2 



10 0 0 

0 cos2^w2 sin2+w2 0 

0 - sin2^w2 cos2^w2 0 

0 0 0 1 



1 -N 0 0 

-N 1 0 0 

0 0 c s 

0 0 -s c 



10 



10 0 0 

0 cos2^wI -sin2$wl 0 V 

0 sin2^wl cos2+wl 0 

0 0 0 1 



10 0 o 

0 10 0 

0 0 cos5wl sinSwl 

0 0 -sinSwl cosivvl 



10 0 0 1 

0 cos2fwl sm2twl 0 co$2>P 

0 -sin2+wl cos2+wl 0 sin2*P 

0 0 0 1 0 



2 0 



sO 
si 
s2 



35 
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and further 



2 2 
sO=l - cos2$P-N-cos2$wl - cos2$P-N'sin2$wl -cosSwl ... 

+ - sin2<|)P'N-cos2^wl-sin2^wl t- sin2$P-N-sin2<frwlxos8wlxos2$wl 



sl = 



10 



15 



20 



25 
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2 2 2 2 

-N-cos2$w2 -N-sin2^w2 '<:os8w2-t- cos2((>P-cos2<j>wl 'Cos2<J>w2 

2 2 
+ cos2(()P-cos2(jivvl 'Sin2(j>w2 'COsSw2 ... 

+ cos2<|iPxos2^wI-sin2(|>wl-C-co32^w2-sin2«j>\v2 ... 

+ -cos2(()P*cos2(j)wl-sirL2(})wl*C'sin2(}iw2-cos5w2-cos2(i)w2 ... 

+ cos2^P-cos2<^wl-siii2^wl-sin2^w2-sin5w2-S ... 

2 2 
+ cos2())P cos5\vl 'Sin2(j)wl «cos2(j)w2 ... 

2 2 

+ cos2<|>P cos5wl-sin2({>wl -sin2<t>w2 -COS8W2 ... 

+ - cos2^P-sin2((»wI-cos6wl-cos2(|>wl-C-cos2(|>w2'sin2(t»w2 ... 

+ cos2())P-sin2(t)wl-cos5wI'Cos2(j)wl-C sin2(t>w2 cos5w2 cos2(|)vv2 ... 

+ - cos2())P'sin2(t)wl*cos5wl-cos2(t)wl-sin2(jiw2-sin5vv2 S ... 

+ cos2(()P-3in2(j)wl -sinSvvl 'S-cos2(j)w2-sin2(|iw2 ... 

+ - cos2((»P-sin2(|>wl-sin5wl*S-sin2(()w2 cos5w2 cos2t|)w2 ... 

+ - cos2<|>P-sin2(|>wl-sin5vvl-sin2(|>w2-sin8w2'C ... 

2 

f sin2())P-sin2(j)wl-cos2(}»wl-cos2tj)w2 ... 

2 

+ sin2(JiP-sin2(t)vvl-cos2(t)wl-sin2cj)w2 -cos5w2 ... 

2 

+ sin2<t>P'sin2t}>wl -Gcos2(|)w2-sin2(j>w2 ... 
2 

+ -sin2<|>P-sin2<|>wl -C-sin2(}>w2-cos5w2-cos2(j>w2 ... 

2 

+ sin2<|>P-sin2(j>wl -sin2(|>w2-sin8\v2-S ... 

2 

+ - sin2())P'COs2(|)wl-cos5wl-sin2(j)wl'COs2(}>w2 ... 

2 

■f -sin2(()P*cos2(j)wI-cos5wl-sin2(j>wt-sin2((iw2 -cos8w2 ... 
+ sin2$P-cos8wl-cos2$wl -C-cos2i|>w2-sin2<|>w2 ... 

2 

+ -sin2<|>P-cosSwl-cos2$wl •C-sin2^w2-cos8w2-cos2(|iw2 ... 

2 

+ sin2<j)P-cos5wl*cos2())wl 'Sin2(|>\v2*sinSw2'S ... 

+ -sin2(|)P'Cos2(j)wl-sin8wl'S*cos2<|iw2-sin2((i\v2 ... 

+ sin2t()P-cos2(()\vl-sin6wl'S-sin2{|)w2'COs8\v2-cos2cj)w2 ... 

+ sin2$P-cos2^w 1 -sinSw 1 •sin2^w2-sin8w2-C 
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s2=- cos2<|>w2-sin2<Jtw2-N -t- cos2(j>w2-sin2(j)vv2'N-cos 5w2 ... 

2 

+ cos2(j)P-cos2(()wl *cos2<J>w2-sin2<j>w2 ... 
2 

+ - cos2(|>P-cos2(j>wl •sin2$w2-cosSw2-cos2<}>w2 ... 

2 

+ cos2(|)P-cos2^wl*sin2(|)wl'C-sin2^w2 ... 

2 

+ cos2(()P*cos2(j)wl ■sin2$wl-C*cos2^w2 *cosSw2 ... 
+ - cos2(()P'Cos2^wl-sin2(tiwl*cos2£j)w2'sin8\v2'S ... 

2 

+ cos2(jiP'Cos5wl -sin2<|>wl -cos2(j>w2-sin2{(>w2 ... 

2 

+ -cos2<|>P-cosSwl 'sin2(j)\vl sin2tj)w2 cos8w2*cos2(j)w2 ... 

+ - cos2())P sin2(j)wl ■cos5wl-cos2(|)wl Csin2<j)w2 2 ... 

2 

f - cos2(|)P-sin2(|)wl-cos8wl*cos2^wl'C'Cos2(|>w2 -cos5w2 ... 

+ cos2(j)P-sin2(}>wl-cos8\vl-cos2({>wl'Cos2{{)w2-sin8w2 S ... 

2 

+ cos2(()P-sin2(j)wl'sinSwl-S'sin2(tiw2 ... 

+ cos2((iP sin2(j)wl'sin8wl'S'Cos2(t)w2 2 *cos8vv2 ... 
+ cos2t()P-3in2(})wl-sin8wl-cos2(j)w2-sin8w2-C ... 
•f sin2(j)P*3in2((iwI *cos2()»wl*cos2(|)w2-sin2())w2 ... 

+ - sin2(j)P-sin2())wl *cos2({»wl*sin2((>w2 cos5w2-cos2(j)vv2 ... 

2 . 2 
+ sin2(|>P-sin24)wl 'C'sin2(()w2 ... 

2 2 
+ sin2<|>P'sin2((>wl *C-cos2tj>w2 -cosSvv^,.. 

2 

+ - sin2(j)P'sin2(t>wl -cos2<t)w2'sinS\v2-S ... 

+ - sin2tj)P-cos2(t)wl 'Cos8wl'sin2({)vvl -cos2())w2 sin2(()vv2 ... 

+ sin2ij)P'Cos2(j)wl -cosSwl *sin2tj)wl ■sin2<|)w2-cosSw2 i cos2<|>w2 

+ sin2({iP'COs8wl-cos2{(iwl 2 *C-sin2({ivv2 2 ... 

2 2 
+ sin2<|>P-cos5wl-cos2<|>wl 'C'Cos2({>w2 *cos8w2... 

2 

+ -sin2(|>P'Cos8wl-cos2<|>wl •cos2{j»w2'sin8\v2 S ... 



with ellipsometr ic ALPHA and BETA being given by 



25 



+ - sin2t{)P'Cos2(j)wl •sin8wl-S'Sin2(j)w2 ... 

2 

+ - sin2(j>P-cos2(|)wl-sin8wl'S'COs2(t)w2 -cosSw2 ... 
+ - sin2<j)P-sinSwl •cos2<j>wlxos2$w2-sinSw2'C 



30 
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p 



s2 



sO 



Nov, the present invention simplification is mathematically 
based on the fact that input and output rotation matrices involve 
Sin and Cos of double the rotation angle imposed thereby, and 
that if an angle of forty-five (45) degrees is assumed for that 
rotation angle, then the Sin(3xW5") becomes 1.0, and the CosuVi 1 -) 
becomes 0.0. This assumption is equivalent to saying that 
birefringence introduced by each of said input and output lenses 
can be split into two orthogonal components, and that one of said 
orthogonal components is oriented " I n-The-Plane M oi the beam of 
electromagnetic radiation as it interacts with a material system, 
and that the other orthogonal component is oriented ,f Out-Of -The- 
Plane" of the beam of electromagnetic radiation as it interacts 
with a material system. When this assumption is made, the 
following hold : 

for the "In-Plane" orthogonal component: 



2 0 



for in-plane, cos2$w1=cos2<frw2=1, sin2$w1=sin2cj)w2=0 



s0=l - cos2$P-N 



25 



sl=cos2$P - N 



s2-((-cos5wl.sin5w2- sinowl cos5w2)-S (cosowl cos£w2 - sinowl sin5w2)C)sin2$P 
s2=sin2$P (cos(5wl r 5w2)-C - sin(fiwl - 5w2)-S) 



s2=sin2$Psin(2 V )-cos(A - fiwl - 5w2) 



30 



a= cos2$P- N 
I - cos2$P-N 



,sin2jPsin(2 t F)-cos(A r 5wl - 5w2) 



1 - cos2$PN 
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for 



the "Out-Of-Plane" orthogonal component: 



for outof-plane, cos2<|>w1=co$2$w2=0 t sin2$w1=sin2<J>w2=1 



sO=l - cos2|P-N-cosowl 



sl=- N-cos6w2 - cos2+P sinowl sinow2 C +■ sin2$Psin5w2S - cos2$P cosMvl cos5w2 



s2=cos2$P sinSwI S - sin2*P C 



10 



- N cosow2 - cos2$P sinowl sin<5w2 C - sin2$P-sin5w2 S - cos2^P cosow 1 cosow2 



1 - cos2^P N cosSwl 



_cos2^P sinSwl -S - sin2$PC 
1 - co52fP-N*cos6wl 



15 



(Note that the immediately foregoing Equations become "exact" if 
the mathematical model allows i nput -polar i zer and output -ana lyzer 
azimuthal angles to vary slightly). 

It will be appreciated that the equations for ell ipsometr ic 
ALPHA and BETA with the present invention simplifying assumption 
are greatly simplified as compared to the equations for 
ellipsometr ic ALPHA and BETA without the present invention 
simplifying assumption being made. In addition, said simplified 
equations for ellipsometr ic ALPHA and BETA provide second order 
mathematical model correction. And, said present invention 
second order mathematical model correction equations are of 
approximately the same level of complexity as are the equations 
which provide first order mathematical model correction, which, 
as found in the literature are: 



30 



a 



cos2 4>P - N 

1 - cos2$P-N 
sin2<|)P'sin2$w2-5w2-S 



35 



1 - cos2 4>P-N 
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p = sin2((>P-cos(A f- cos2i}>w2-5w2 + cos2(j>w I -8w I ) 

1 - cos2((>P-N 
sin2(j)wl-5wI*cos2<j>P-S 

i - cos2$P N 

5 

the application of which are shown by Figs. 4a, 4b and 4c in 
Parent Application Serial No. 09/162,217. Again, for comparison, 
it is emphasized that Figs. 6a, 6b and 6c of Parent Application 
Serial No. 09/162,217 present results of application of the 
10 present invention second order mathematical model correction 

equations when vacuum chamber windows were investigated. 

It is to be further understood that the present invention 
applies parameterized equations for retardance ( /\ ) of input and 
^5 output lenses of the form: 



Delta Offsct(X) - DelOfTl/X ( 1 + DelOfim 2 + DetOfH/X' ) 
20 

As presented in the Disclosure of the Invention Section of 
this Disclosure, the present invention includes application of 
said parameterized equations for input and output lens 
25 retardance, both in conjunction with, and without, the present 

invention simplifying assumption that input and output lenses 
rotation matrices, which involve the Sin(^iQ) and 

Cos{^<£)) of double the rotation angle imposed thereby, have an 
angle of forty-five (45) degrees assumed for that rotation angle, 
30 so that the Sin becomes 1.0, and the Cos becomes 0.0. This 

assumption, it is to be understood, provides that each orthogonal 
component of the birefringence of both input and output lenses, 
and associated ellipsometr ically indistinguishable components is 
is to be treated separately, with net retardance entered between 
said orthogonal components by a beam of electromagnetic radiation 
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by passage through an input and/or output lens is determined by a 
comparison of the separate effects on each of said orthogonal 
components. It is noted that while the present invention 
mathematical justification for the simplifying assumption is 
5 based upon assuming an angle of forty-five (45) degrees for the 

rotation angle imposed by a input or output lens, so that the Sin 
becomes 1.0, and the Cos becomes 0.0, the concept behind the 
present invention simplifying assumption is that orthogonal 
components of lens/associated indistinguishable components can be 

10 considered to each be separately represented by a parameterized 
retardance equation. When the assumption of angle of forty-five 
(45) degrees for the rotation angle is made, however, the result 
is that one orthogonal component is out of the plane of incidence 
of a beam of electromagnetic radiation which is caused to 

15 interact with a material system, and one orthogonal component 
thereof is in said plane of incidence. This, of course, means 
that where a material can not be provided a parameterized equation 
for retardance, correlation of retardance entered by the input 
and output lenses "in-plane", and that of a material system, will 

20 exist, and must be broken. Said "in-plane" correlation can be 
broken by providing a material system that can be parameterized, 
and simultaneously evaluating parameters in it, and in 
parameterized equations for retardance of the input and output 
lenses in a separate calibration procedure. 

25 

While the preceding approach works well for analyzing 
e 1 1 ipsome tr ic data acquired by a Rotating Analyzer or Rotating 
Polarizer ellipsometer system wherein lenses are present, it is 
further to be understood that in cases where it is important to 
30 extract "true" values for the PSI and DELTA of a material system, 
(eg. during material deposition), additional mathematics is 
required. The following equations are derived by algebraically 
inverting the previous equations, and transforming the effective 
PSI and DELTA measured in the presence of lenses into true PSI 
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# 



10 



25 



and DELTA values of a material system: 

C2rt=cos2$P . S2Ft= s in2^P ; C2A=cos2(jiA ; S2A=sin2*A 

Nwinefftaco3(2- l PwinefT) 
Cwinefl^sin( 2-*FwinefF) cos ( AwinelT) 
Swine(T=±sin( 2-TwinefT) sin( AwinefT) 



. (C2P- NwinefT) . CwineiTS2P , - SwinefT-S2P 
si = s2= - s3= - 

1 - NwineffC2P 1 - NwinefT C2P 1 - Nwineil C2P 



a=(cos5w2 sl +- sin5w2 s3 ) b=s2 c=- (sin5w2-sl -cosfiw2s3) 



(a - cos8wl-C2P) 
Nlnte=— _ 



15 (a-cos5wl-C2P- 1; 



(c-sin5wl-C2Pt- S2Pb)-(cos5wl C2P 2 - 1 
Qnic= x 



sinfiwl -Clf-^r S2P 2 )(a-cos5wl-C2P- 1) 

20 0 (bsin5wl-C2P- S2Pc)-(co35wl 2 -C2P 2 - l) 

Slrue=! — L 

(3in5wl 2 -C2P 2 i- S2P 2 )-(a-cos5wl C2P- 1) 



Tlnie=acos(Ntrue)-0.5 



Alnieoatan2( S true, C true) - DeltaOffset 



Two roots are calculated by the choosing the sign of the 
"Swineff" term. Note that when the lens correction terms &uJ t ) 
and (^) are zero (0.0), the two roots reduce to (+/-A), the 
30 expected ambiguity for a Rotating Analyzer ellipsometer system. 

Continuing, where a Rotating Compensator ellipsometer system 
is present, use of the same Mueller matrix formalism as for the 
Rotating Analyzer ellipsometer system, the Fourier coefficients 
for the Rotating Compensator ellipsometer system can also be 
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derived. The same or thogonal i zat i on approach to deriving second 
order lens effects was utilized, (ie. setting the fast axis of 
lens birefringence to forty-fve (45) degrees), to determine the 
out-of-plane lens birefringence, with the in-plane component 
being added directly to material system DELTA. (Note, in the 
following equations the { d ) is the retardance of the compensator 
system . 



10 



DO 



- ( 1 i- cos5) 



+ 1 



-C2P*cosSwl-N h C2Pcos5wl C2A cosSw2 ... \ 
+ C2P-sin8wI-S2A-S - C2Psin8wl C2A sin5w2 C 1 J 
+ S2PS2AC t- S2P-C2A-sin5w2-S / 
C2A-cosSw2-N 



15 



a2^=- [sinSwl-N - sinSwl -C2A-cos5w2 ... \ -sinS-S2P 

\+ cos8wl-S2A-S - cosSwl •C2A-sin5w2-C 



(12=- / - sin5wl -N h sinOwl 'C2A-cos8w2 ... \ ■sinS-C2P 

\+ - cos8wI-S2A-S h cos8wl-C2A-sin8w2-C 



2 0 a4=--( I - cos8)-/-C2P-aos8wl-N h C2Pcos8wl -C2A-cos8w2 ... \ 

+ C2Psin8wi S2A S - C2P-sinSwl -C2A-sm8w2-C ... 
\+ S2P-S2A C - S2P-C2A-sin8w2-S / 



|14=--( 1 - cosS)-/C2P.S2A*C4- C2P-C2A-sin8w2-S - S2P-cos8wl -N ... \ 
25 2 + S2P-cosSwl'C2A-cosSw2... 

\+ S2P-sinSwl-S2A-S- S2P-sin8wl-C2A-sin8w2-C / 

As in the Rotating Analyzer or Rotating Polarizer 
ellipsometer system case, a global regression calibration can be 
30 used to find the Rotating Compensator ellipsometer system 

calibration parameter values, in addition to out-of-plane lens 
parameterized equation values. And as described previously 
herein for the Rotating Analyzer ellipsometer system, a standard 
model fit with a parameter i zable material in place can be carried 
out to determine values for parameters in-plane. 
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1C 



15 



It is noted that an advantage of the Rotating Compensator 
ellipsometer system is that it can correctly measure 
ellipsometr ic DELTAS over the full range of zero (0.0) to 
three-hundred-sixty (360) degrees. This implies that the true 
PSI and DELTA parameters can be directly inverted at data 
acquisition time from the measured Fourier Coefficients (ie. 
ALPHA and BETA), assuming that parameters in parametric lens 
correction equations for retardance have been previously 
determined. The inversion equations are: 



M'= -atari 

i 



(cosSwI-(l - cos5)-( -S2P-a2 i C2Pb2)) ... 
i- 2-sin5-sin5wl-(a4-C2P v b4-S2P) 

sin5 

v 4 ( a4-S2P i C2P-b4) 2 



(2-cosSwI-(a4-C2P t- b4-S2P)) ... 

f lL:. c "i52. s inSwl-(S2P-a2 - C2P4)2) 
sin 5 



20 



A= atan2 | ( ( I - cos 5) -cos5w 1 •( b2-C2P - a2-S2P) ) 
| ! 2-sin5-sinowl-(a4-C2P i b4-S2P) 
+ Delta OITsct 



2-siikS ( h4 C2V a4-S2l ) ) 
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It is noted that, with a bit of algebra, all the equations 
for the Rotating Compensator ellipsometer system can be reduced 
to first order expressions as given in the Kleim et al. reference 
cited in the Background Section. 



30 



In summary, the present invention discloses that 
multi-element lenses can be produced that provide essentially 
constant focal lengths and small spot size over a large 
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spectroscopic range of wavelengths, and that said multi-element 
lenses can be produced which demonstrate small birefringence. 
The present invention also teaches, however, that any 
birefringent effects presented by a present invention 
5 multi-element lenses, (and any ellipsomet ically 

non-distinguishable adjacent elements such as vacuum system 
windows and/or beam directing means), can be de-correlated from 
material system PST and nrcr.TA rpsults. by practice of a 
methodology originally developed for acquiring el 1 i psometr ic data 

10 through vacuum chamber windows and initially disclosed in Parent 

Application Serial No. 09/162,217. The key insight enabling 
said accomplishment is that lens b i -r e f r i ngence can be split into 
"out-of -plane" and "in-plane" components, where the "plane" 
referred to is the plane of incidence of an electromagnetic beam 

25 of radiation with respect to a material system. Splitting the 

lens birefringence into said orthogonal components allowed 
derivation of second order lens corrections which were tractable 
while allowing an ellipsometer system calibration procedure to 
determine values of parameters. Again, said ellipsometer system 

20 calibration procedure allows parameter values in "out-of -plane " 

component retardation representing equations to be directly 
evaluated, with the "in-plane" component being an additive factor 
to a material system DELTA. A separate step, utilizing a 
material system for which retardation can be modeled by a 

25 parameterized equation, allows evaluation of the parameters in 
parametric equations for the "in-plane" components of lenses 
separately. Work reported in the literature by other researchers 
regarding analogically similar window corrections provided 
equations which corrected only first order effects, and said 

30 equations have proven insufficient to correct for large, (eg. six 
(6) degrees), of retardation. (It is noted that prior work with 
respect to vacuum window corrections, orthogonal components were 
derived with respect to window fast axes, which is offset from 
the material system plane of incidence). Where the window 
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retardance becomes small, (eg. at longer wavelengths), parameter 
evaluation in equations for said orthogonal components becomes 
difficult, as it becomes difficult to determine fast axis 
orientation. This means that where fast axis orientation can not 
5 be identified, algorithm instability becomes a problem. 

Furthermore, the fast axis orientation of window retardance would 
also correlate with a material system DELTA parameter unless a 
global regression fit using a parameter izable material system is 
performed at calibration time. 

10 

The present invention methodology comprising two steps 
disclosed herein, fully and unambiguously determines lens 
correction terms. 



15 After parameters in parameterized equations for retardance 

are evaluated by the method of the present invention, 
el 1 ipsometr ic data can be taken through lenses, (eg. input and 
output), and said data can be quickly and accurately analyzed by 
applying the correction factors in a mathematical model for a 

20 material system, (in the case where a Rotating Analyzer 

ellipsometer system was used to acquire data), or the lens 
effects can be simply quantitatively subtracted away to yield 
"true" ellipsometr ic PSI and DELTA values, (in the case where a 
Rotating Compensator ellipsometer system was used to acquire 

25 data ) . 



It is to be appreciated that the correlation breaking 
methodology of the present invention is substantially the same as 
that disclosed in the Parent Application, Serial No. 09/162,217 
30 filed 09/29/98, with the difference being that the present 

invention provides compensation to input, and output, lenses, 
(perhaps in combination with beam directing optics), rather than, 
or in addition to, to vacuum chamber windows, (which can be 
present as mathematically lumped-in with Fig. lal (AC1) and (AC2) 
input and output lenses, as described by the Jones reference 
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disclosed in the Background Section). It is also noted that 
while achromatic mult i -element input and output lenses are 
preferred for application in the present invention, any lenses 
can be applied where correlation breaking techniques are applied. 

It is generally noted that the terminology "positive" or 
" + ", as used to identify a lens means it is converging, whereas 
the terminology "negative" or "-", as used to identify a lens 
m e a n s it is dive r a i n q . 



It is emphasised that a system of spatially separated input 
and output lenses can provide that at least one lens which is not 
significantly birefringent Is selected from the group consisting 
: of: (essentially a surrounding ambient; and a multi-element 

15 lens). That is, it is within the scope of the present invention 
to interpret simple ambient atmosphere as being an input or 
output lens, and where Claims recite the providing of separated 
input and output lenses, it should be kept in mind that one of 
said input and output "lenses" can be effectively the effective 
absence of any per se . lens. In that light it is emphasized that 
a present invention ellipsometer system can include a focusing 
input lens but not an output lens and be an acceptable present 
invention configuration. That is, while the foregoing disclosure 
often alludes to the presence of both input and output lenses, 
said language is to be interpreted generally to include cases 
wherein only one of said lenses is present, and the other lens is 
but ambient atmosphere. 



It Is to be understood that the foregoing presented numerous 
specific examples of lenses and systems which are non- 1 im i t i ng . 
For instance, where Claims do not recite specific lens 
construction, any functional lens construction is to be 
considered within the scope thereof. That Is, while Figs. Ia3, 
la4 and la7 - la23 show lens constructions which are preferred, 
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said specific examples are not to be intepreted as limiting in, 
for instance, Method Claims for accurately evaluating parameters 
in parameterized equations in a mathematical model of a system of 
spatially separated input and output optical elements. Claims 
5 which do not recite specific lens construction are not to be read 
as limited by specific examples shown, where functional 
equivalents can be successfully applied. For instance, it is 
specifically noted that either void region, FE2a or FE2b, in Fig. 
Ia4 can be absent, as where elements FEla and FE3a make direct 

IQ contact over their mid-region, and/or where FElb and FE3b make 
direct contact over their mid-region thereof. This can occur, 
for instance, where the convex curvature of lens element FEla is 
the same as the concave curvature of element FE3a in Fig. Ia3. 
Additionally, while preferred lenses applied in the present 

25 invention, as shown in Fig. Ia3, comprise two elements, where 

specific lens construction is not recited in a Claim, it is to be 
understood that any number of, and type of, elements can comprise 
a lens, (eg. comprise more than two elements, comprise meniscus 
and/or aspheric elements with radial or non-radial symetry). 

2 0 

It is further specifically noted that while the lenses shown 
in Figs. Ia3, la4 and la7 - la28 are typically selected to 
demonstrate radial symetry, it is within the scope of the present 
invention to utilize non-radially symetric lenses, where, for 
25 instance, a spot size length to width aspect ratio is to be 

modified thereby. Therefore any lens shown or indicated in Figs. 
Ia3, la4 and la7 - la28 can be designed to demonstrate radial 
symetry, or non-radial symetry, or be of any other functional 
type, where the achromatic properties are present. 
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Having hereby disclosed the subject matter of the present 
invention, it should be obvious that many modifications, 
substitutions, and variations of the present invention are 
possible in view of the teachings. It is therefore to be 
understood that the invention may be practiced other than as 
specifically described, and should be limited in its breadth and 
scope only by the Claims. ^ 



